Nature of Catalytic Active Sites in Supported MOx/ZSM-5 Catalysts: Anchoring Sites, Electronic Structures, Molecular Structures and Reactivity by Tang, Yadan
Lehigh University
Lehigh Preserve
Theses and Dissertations
2014
Nature of Catalytic Active Sites in Supported
MOx/ZSM-5 Catalysts: Anchoring Sites,
Electronic Structures, Molecular Structures and
Reactivity
Yadan Tang
Lehigh University
Follow this and additional works at: http://preserve.lehigh.edu/etd
Part of the Chemistry Commons
This Dissertation is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Tang, Yadan, "Nature of Catalytic Active Sites in Supported MOx/ZSM-5 Catalysts: Anchoring Sites, Electronic Structures, Molecular
Structures and Reactivity" (2014). Theses and Dissertations. 2835.
http://preserve.lehigh.edu/etd/2835
  
Nature of Catalytic Active Sites in Supported 
MOx/ZSM-5 Catalysts: Anchoring Sites, 
Electronic Structures, Molecular Structures and 
Reactivity 
 
by 
 
 
Yadan Tang 
 
 
 
A Dissertation 
 
Presented to the Graduate and Research Committee 
 
of Lehigh University 
 
in Candidacy for the Degree of 
 
Doctor of Philosophy 
 
 
 
in 
 
Chemistry Department 
 
 
 
 
Lehigh University 
 
January 2015 
ii 
 
 
 
 
 
 
 
 
 
Copyright © 2015 by Yadan Tang  
iii 
 
Certificate of Approval 
 Approved and recommended for acceptance as a dissertation in partial fulfillment of 
the requirements for the degree of Doctor of Philosophy 
 
Yadan Tang 
Nature of Catalytic Active Sites in Supported MOx/ZSM-5 Catalysts: Anchoring Sites, 
Electronic Structures, Molecular Structures and Reactivity 
                                                 
Defense Date 
        Dissertation Director 
        Dr. Israel E. Wachs, Ph.D. 
Approved Date    
        Committee Members: 
 
Dr. James E. Roberts, Ph.D. 
 
Dr. Dave Moore, Ph.D.                                 
 
Dr. David Vicic, Ph.D 
   
Dr. Mark A. Synder, Ph.D. 
 
iv 
ACKNOWLEDGMENTS 
This moment is filled with joy, sweat and gratitude that I have been dreaming about 
for a very long time. I cannot climb up to this height without the encouragement and 
enlightment from faculty, colleagues, and group members. In these years far apart 
from my home, my family and friends have provided me great moral support which I 
cannot imagine to live without in this journey.  My heart is filled with gratitude and I 
am eager to express to all of you.  
I cannot have this opportunity to the success as a graduate student without the 
acceptance to Chemistry department at Lehigh University. I would like to express my 
gratitude to whoever reached the decision. This is a gate open for me to the profound 
knowledge about science which has helped me through my graduate research 
overwhelmingly thanks to great graduate chemistry courses available to us.  
I cannot have the opportunity to the world of surface science and catalysis without 
Professor Israel E. Wachs. Dr. Wachs is my mentor, my friend and my respectful 
family at the same time. I got the opportunity to join his group after auditing his 
catalysis course, and it has become the most important decision to my education and 
my life. His honest advice, critical thought and encouragement have helped me shape 
myself during my research and my interpretation of catalysis science. His precise 
knowledge of the field makes him the first one whenever I needed direction and 
suggestions. The most impressive thing about him is that he is extremely careful about 
his own research and still remains open-minded to any doubt coming from others and 
seeks critical feedback from every conference which he believes is one of the most 
efficient ways for improvement in research. He never hesitates to expose us to a great 
v 
extent to professional conferences and training. I have had the great opportunity to get 
training at Brookhaven national laboratory for synchrotron experiments with the 
generous help of Dr. Anatoly Frenkel from Yeshiva University. Dr. Wachs is also a 
very knowledgeable friend and always willing to give great advice or tips for 
travelling. I learned the best Italian dessert shop in New York from him. I had the 
chance to tour around New York by cruise and felt like touching deeply into the flesh 
of the city while listening to all the old stories of her from Dr. Wachs.  
There are four significant people, my committee members, whom I must thank for 
doing so much more than just signing the paper. I am honored to have all of them as 
my committee. Dr. James Roberts has been a knowledgeable mentor for NMR 
spectroscopy and scientific interpretation of data with great accuracy. I can count on 
his advice so that I know that I am on the right track of processing and interpreting 
data. Dr. Dave Moore has provided so many important suggestions to my research 
thanks to his critical thinking. I remembered a word from him at one of the TA 
meetings:” it is amazed that we always learned\\ new things every time we go back to 
the general chemistry book.” Learning is always looking back to what you have 
learned and digging further. Dr. Mark Synder has been extremely helpful while I was 
consulting him about how to measure heat capacity using calorimetry. Without his 
professional insights, I might have wasted much of my time on the wrong 
measurement. He has also generously helped our group for many BET measurements. 
Dr. David Vicic has joined my committee members recently, and his profound 
knowledge about organometallic and catalysis throughout his active experience in 
academia is a great addition to my committee. 
vi 
I am lucky to have a great and professional team to work with in Dr. Wachs’group. 
Dr. Michael Ford, a research scientist, never refused to provide help for experimental 
set-ups. His experience and meticulous thought always brings me confidence to the 
final set-up. He also does not hesitate to help me with proof-reading of manuscript and 
thesis. I am impressed with one of his words: If you know that you can help someone 
and you choose not to, that is wrong. Dr. Chip Roberts, a recent graduate, provided 
training for me and also worked with me for the formic acid project. His delightful 
personality has also been a positive influence during my first year in the group. Dr. 
Julie Molinari, a recent graduate and a great friend, is a successful and talented female 
scientist and always an inspiration for me. Chris Keturakis, a graduate student, worked 
on the maintenance and operation of instruments in the lab with great intelligence and 
patience. He has been the catalyst of the lab which ensures the progress of our work on 
good-quality instruments. He always provides useful suggestions to us before we can 
hear from technicians from company. Soe Lwin, a graduate student, joined the group 
the same year as me. He is a very diligent and productive student, and has helped me 
with the X-ray absorption spectroscopy on supported WOx/ZSM-5 and ReOx/ZSM-5 
catalysts. I am also very glad to work with current graduate students including 
Minghui Zhu, Anisha Chakrabarti and Dongchang Qin.  
I would like to thank to one of my dearest sisters, Lili Liu, a recent graduate student 
of the Chemistry department. We lived in the same apartment our first year at Lehigh 
but at a different time, we were in the same group but at a different time, but I am glad 
that we are friends at all times. Her positive, happy and devoted personality greatly 
influenced me. Without her invitation to numerous activities, I could not have enjoyed 
vii 
living independently and thinking positively. I cherish all the memories shared with 
her through all these years like a family.  
I also would like to give thanks to all my friends at Lehigh University whom I have 
shared precious memories with. Dr. Peng Chen, Dr. Minghui Wang and his wife Nisha 
Zhu, Yaqing Ning, Cong Liu, Berenika Kokoszka, Yiqun Liu, Long Xu, Chang Wang, 
Cen Lin, Le Zhao, Beibei Zeng, etc.  
I have saved my most important words for my beloved family. I am truly blessed to 
have such a wonderful family that has never stopped loving me and supporting me 
even though I cannot be with them over the most important times for the past six years. 
I am extremely lucky to be raised by Guirong He and Shengshui Tang, my Mom and 
Dad. I am also very lucky to have the support and love from Jinlian Wang and Yan 
Guo, my Mom-in-law and Father-in-law. I wish that I could have more time with them 
over the past six years. Finally, I would like to Thank Hongliang Guo, my husband, 
my friend and my spiritual support through all these years. Without him, I cannot be 
where I am today.  
Words are not enough to express my gratitude to everyone, but I have to stop here. 
Graduate school in Lehigh University has been a unique and fruitful experience for me. 
It provided education for being a good researcher, an independent woman and a 
positive and open person. This knowledge will help me moving on with my new life 
ahead of me.  
viii 
TABLE OF CONTENTS 
ACKNOWLEDGMENTS                                                                                             iv 
TABLE OF CONTENTS                                                                                            viii 
LIST OF TABLES                                                                                                       xii 
LIST OF FIGURES                                                                                                     xxi 
                                                         
ABSTRACT ................................................................................................................... 1 
Chapter 1. ....................................................................................................................... 3 
Literature Review of methane dehydroaromatization to Liquid Aromatic by 
supported transition metal oxide MOx/ZSM-5 (M=V, Cr, Mo, W and Re) 
catalysts .................................................................................................................. 3 
Abstract ................................................................................................................... 4 
Introduction ............................................................................................................ 5 
1.1. Anchoring sites of surface MOx species in supported MOx/ZSM-5 
catalysts .................................................................................................................. 7 
1.1.1. Supported V2O5/ZSM-5 ...................................................................... 9 
1.1.2. Supported CrO3/ZSM-5 .................................................................... 10 
1.1.3. Supported MoO3/ZSM-5 .................................................................. 12 
1.1.4. Supported WO3/ZSM-5 .................................................................... 12 
1.1.5. Supported Re2O7/ZSM-5 .................................................................. 13 
1.2. Molecular structures of surface MOx species on supported MOx/ZSM-5 
catalysts ................................................................................................................ 14 
1.2.1. Supported V2O5/ZSM-5 .................................................................... 14 
1.2.2. Supported CrO3/ZSM-5 .................................................................... 16 
1.2.3. Supported MoO3/ZSM-5 .................................................................. 18 
1.2.4. Supported WO3/ZSM-5 .................................................................... 20 
1.2.5. Supported Re2O7/ZSM-5 .................................................................. 21 
1.3. Catalytic active sites for methane dehydroaromatization (DHA) ........... 22 
1.3.1. Supported V2O5/ZSM-5 and CrO3/ZSM-5 ....................................... 23 
1.3.2. Supported MoO3/ZSM-5 .................................................................. 24 
1.3.3. Supported WO3/ZSM-5 .................................................................... 25 
1.3.4. Supported Re2O7/ZSM-5 .................................................................. 25 
1.4. Rate-determining-step for methane DHA ............................................... 26 
Summary of methane DHA by supported MOx/ZSM-5 catalysts ....................... 27 
References ............................................................................................................ 28 
Chapter 2. ..................................................................................................................... 31 
Catalyst Synthesis and Experimental Techniques ................................................ 31 
Abstract ................................................................................................................. 32 
2.1. Catalyst synthesis .................................................................................... 34 
ix 
2.2. In situ FT-IR spectroscopy ...................................................................... 35 
2.3. In situ UV-vis Diffuse Reflectance Spectroscopy (DRS) ....................... 36 
2.4. In situ Raman spectroscopy ..................................................................... 37 
2.4.1. In situ Raman spectra of dehydrated supported MOx/ZSM-5 
catalysts (M=V, Cr, Mo, Re and W) under oxidizing environment ............. 39 
2.4.2. Operando Raman-MS spectra of dehydrated supported MOx/ZSM-5 
catalysts (M=V, Cr, Mo, Re and W) during CH4 DHA ............................... 40 
2.5. In situ X-ray Absorption spectroscopy .................................................... 41 
2.5.1. In situ XAS of dehydrated supported MOx/ZSM-5 catalysts (M=V, 
Cr, Mo, Re and W) in O2 environment ......................................................... 42 
2.5.2. In situ XAS spectra of supported MoO3/ZSM-5 catalysts during CH4 
DHA 44 
2.6. Density Functional Theory (DFT) calculations ....................................... 44 
2.7. Temperature Programmed Techniques .................................................... 46 
2.7.1. TPR experiments .............................................................................. 47 
2.7.2. TPSR experiments ............................................................................ 47 
2.7.3. TPO experiments .............................................................................. 48 
References ............................................................................................................ 50 
Chapter 3. ..................................................................................................................... 51 
Surface MoOx molecular structures and anchoring sites for supported 
MoO3/ZSM-5 catalysts ......................................................................................... 51 
Abstract ................................................................................................................. 52 
Introduction .......................................................................................................... 53 
3.1. Experimental methods ............................................................................. 57 
3.1.1. In situ FTIR spectroscopy ................................................................ 57 
3.1.2. In situ UV-vis spectroscopy ............................................................. 57 
3.1.3. In situ X-ray absorption spectroscopy (XAS) .................................. 58 
3.1.4. In situ Raman spectroscopy .............................................................. 58 
3.1.5. Density functional theory (DFT) ...................................................... 58 
3.1.6. Temperature programmed reduction (TPR) ..................................... 58 
3.2. Results ..................................................................................................... 59 
3.2.1. In situ FTIR spectroscopy ................................................................ 59 
3.2.2. In situ UV-vis spectroscopy ............................................................. 61 
3.2.3. In situ XANES/EXAFS spectroscopy .............................................. 63 
3.2.4. In situ Raman spectroscopy .............................................................. 67 
3.2.5. Density Functional Theory (DFT) calculations ................................ 70 
3.2.6. Temperature programmed reduction (TPR) ..................................... 72 
3.3. Discussion ................................................................................................ 77 
3.3.1. Anchoring sites ................................................................................. 77 
3.3.2. Molecular and electronic structures of surface MoOx species on 
ZSM-5 78 
3.4. Conclusions ............................................................................................. 80 
References ............................................................................................................ 81 
Chapter 4. ..................................................................................................................... 82 
x 
The catalytic active sites of supported  MoO3/ZSM-5 catalysts during methane 
Dehydroaromatization (DHA) .............................................................................. 82 
Abstract ................................................................................................................. 83 
Introduction .......................................................................................................... 85 
4.1. Experimental methods ............................................................................. 87 
4.1.1. In situ Raman spectroscopy .............................................................. 87 
4.1.2. Operando Raman-MS spectroscopy during methane DHA ............. 88 
4.1.3. In situ X-ray absorption spectroscopy (XAS) during CH4 DHA ...... 88 
4.1.4. Isotopic CH4/CD4Temperature Programmed Surface Reaction (TPSR) 
spectroscopy ................................................................................................. 88 
4.1.5. Temperature Programmed Oxidation (TPO) of coke deposits on 
supported MoO3/ZSM-5 catalysts from CH4 DHA ...................................... 88 
4.2. Results ..................................................................................................... 89 
4.2.1. Surface MoOx Species on ZSM-5 .................................................... 89 
4.2.2. Temperature-programmed operando Raman-MS spectroscopy 
during methane DHA ................................................................................... 89 
4.2.3. In situ XANES/EXAFS spectroscopy .............................................. 98 
4.2.4. Isotopic CH4/CD4-Temperature Programmed Surface Reaction 
(TPSR) spectroscopy .................................................................................. 103 
4.2.5. In situ Raman spectroscopy during catalyst regeneration with O2 . 106 
4.2.6. Temperature Programmed Oxidation (TPO) of coke deposits on 
supported MoO3/ZSM-5 catalysts from CH4 DHA .................................... 109 
4.3. Discussion .............................................................................................. 116 
4.3.1. Mo oxide loading and Si/Al ratio-initial CH4 DHA activity 
relationships ................................................................................................ 116 
4.3.2. Nature of activated Mo sites during the CH4 DHA reaction .......... 116 
4.3.3. Reaction mechanism and rate-determining-step ............................ 117 
4.3.4. Catalyst deactivation ...................................................................... 119 
4.3.5. Catalyst regeneration ...................................................................... 119 
4.4. Conclusions ........................................................................................... 121 
References .......................................................................................................... 123 
Chapter 5. ................................................................................................................... 124 
Molecular Structures of Supported MOx/ZSM-5 (M=V, Cr, Mo, W and Re) 
Catalysts ............................................................................................................. 124 
Abstract ............................................................................................................... 125 
Introduction ........................................................................................................ 126 
5.1. Experimental methods ........................................................................... 128 
5.1.1. In situ IR spectroscopy ................................................................... 128 
5.1.2. In situ UV-vis Spectroscopy ........................................................... 129 
5.1.3. In situ Raman Spectroscopy ........................................................... 129 
5.1.4. In situ X-ray absorption spectroscopy (XAS) ................................ 129 
5.2. Results ................................................................................................... 130 
5.2.1. In situ IR Spectroscopy .................................................................. 130 
5.2.2. In situ UV-vis Diffuse Reflectance Spectroscopy (DRS) .............. 141 
5.2.3. In situ Raman Spectroscopy ........................................................... 149 
xi 
5.2.4. In situ X-ray Absorption Spectroscopy (XAS) .............................. 162 
5.3. Discussion .............................................................................................. 174 
5.3.1. Supported V2O5/ZSM-5 .................................................................. 174 
5.3.2. Supported CrO3/ZSM-5 .................................................................. 176 
5.3.3. Supported MoO3/ZSM-5 ................................................................ 178 
5.3.4. Supported WO3/ZSM-5 .................................................................. 180 
5.3.5. Supported Re2O7/ZSM-5 ................................................................ 182 
5.4. Conclusions ........................................................................................... 184 
References .......................................................................................................... 186 
Chapter 6. ................................................................................................................... 189 
Catalytic reactivity of supported MOx/ZSM-5 (M=V, Cr, Mo, W and Re) 
catalysts during methane DHA ........................................................................... 189 
Abstract ............................................................................................................... 190 
Introduction ........................................................................................................ 191 
6.1. Experimental methods ........................................................................... 192 
6.1.1. CH4 operando Raman-MS Spectroscopy ....................................... 192 
6.2. Results ................................................................................................... 193 
6.2.1. CH4 operando Raman-MS spectroscopy ........................................ 193 
6.3. Discussion .............................................................................................. 202 
6.3.1. Nature of Supported MOx species during methane DHA .............. 202 
6.3.2. Nature of activated catalytic active sites during methane DHA ..... 203 
6.3.3. Dependence of reactivity and selectivity on specific metal ........... 206 
6.3.4. Nature of coke deposits on different catalysts ................................ 207 
6.4. Conclusions ........................................................................................... 210 
References .......................................................................................................... 212 
VITA ........................................................................................................................... 213 
xii 
List of Figures 
Chapter 1 
Figure 1- 1 Fourier transformed infrared spectra in the hydroxyl stretching region 
(a) H-ZSM5, (b) V/Alf,i= 0.2, (c) V/Alf,i= 0.4, (d) V/Alf,i= 0.65, (e) 
V/Alf,i= 1. Spectral intensities were normalized with the Si−O−Si 
overtone bands between 1730 and 2100 cm
-1
.
31
 ....................................... 10 
Figure 1- 2 DRIFT spectra of H–ZSM-5 and chromium containing catalysts. Cr-
D, Cr-N, Cr-Cl and Cr-A represent supported CrO3/ZSM-5(Si/Al=15) 
prepared from solid-state reaction with HZSM-5 and chromium salts such as 
ammonium dichromate, chromium nitrate, chromium chloride and 
chromium acetate, respectively
32
 .................................................................. 11 
Figure 1- 3 Schematic of proposed molecular structures of monomeric VOx and 
dimeric V2O4
2+
 species in ZSM-5 ................................................................ 14 
Figure 1- 4 Schematic of proposed molecular structure of monomeric CrO4 and 
Cr2O3 nanoparticles present in ZSM-5 ......................................................... 16 
Figure 1- 5 Schematic of proposed molecular structures of monomeric MoO4 on 
two neighboring Brønsted acid sites and dimeric Mo2O7 on two neighboring 
Brønsted acid sites in ZSM-5 ....................................................................... 19 
Figure 1- 6 Schematic of proposed molecular structure of monomeric dioxo WO4 
on two neighboring Brønsted acid sites in ZSM-5 ....................................... 20 
Figure 1- 7 Schematic of proposed molecular structure of ReO4 on a Brønsted 
acid site and dimeric Re2O6
2+
 on two neighboring Brønsted acid sites in 
ZSM-5 ........................................................................................................... 21 
Figure 1- 8 Summary of the proposed anchoring sites, molecular structures of the 
surface metal oxides, and the catalytic active sites during methane DHA 
reaction in literatures .................................................................................... 27 
xiii 
Chapter 2 
Figure 2- 1 Scheme of data regions for a XAS spectrum
19
 .................................. 42 
Chapter 3 
Figure 3- 1 Integrated IR bands of surface hydroxyls of dehydrated supported 0-
5% MoO3/ZSM-5 (Si/Al=15) catalysts .................................................... 59 
Figure 3- 2 In situ FT-IR spectra of dehydrated supported 0-5% MoO3/ZSM-
5(Si/Al=15) catalysts collected at 110 
o
C after calcined in 10% O2/Ar at 500 
o
C for 120 mins ............................................................................................. 60 
Figure 3- 3 The UV-vis edge energy (Eg) of molybdenum oxide reference 
compounds with known structures and supported MoOx on ZSM-5 ........... 61 
Figure 3- 4 In situ UV-vis DRS spectra of dehydrated supported 2% MoO3/ZSM-
5: (A) 2% MoO3/ZSM-5 (Si/Al=140), (B) 2% MoO3/ZSM-5 (Si/Al=40), (C) 
2% MoO3/ZSM-5 (Si/Al=25), and (D) 2% MoO3/ZSM-5 (Si/Al=15) under 
oxidizing conditions at 400 
o
C. .................................................................... 62 
Figure 3- 5 In situ Mo k-edge XANES (a) and EXAFS (b) spectra of dehydrated 
2% MoO3/ZSM-5(Si/Al=25)(red) and 5 % MoO3/SiO2(blue) at 500 
o
C in 
10% O2/Ar for 2 hrs. ..................................................................................... 63 
Figure 3- 6 XANES spectra of bulk Na2MoO4 which is consisted of isolated 
tetrahedral Mo
6+
O4 unit(red curve), bulk MoO2 which is consisted of Mo
4+
 
species with distorted octahedral symmetry(blue curve), and bulk Mo2C 
which is consisted of Mo
2+
 with hexagonal bcc lattice unit(black curve). ... 65 
Figure 3- 7 Molybdenum k-edge in situ XANES (left) and EXAFS (right) of 
supported 2% MoO3/ZSM-5 (Si/Al=15, 25, 140) (labeled as 2MoZ15, 
2MoZ25 and 2MoZ140, respectively) under dehydrated condition (500 
o
C 
for 30 mins, and full XAS collection at 110 
o
C in flowing 10% O2/He) and 
reference compounds phosphomolybdate acid (Mo-HPA, mono-oxo MoO6 
containing cluster), and Al2(MoO4)3 (isolated tetrahedral MoO4 unit) and 
MoO3(oligomeric MoO6 structure) ............................................................... 66 
xiv 
Figure 3- 8 In situ Raman spectra (442 nm) of dehydrated supported MoO3/ZSM-
5 catalysts as a function of MoO3 loading (0-5 wt%) collected at 110 
o
C 
after calcination in 10% O2/Ar at 500 
o
C for 120 mins. ............................... 67 
Figure 3- 9 In situ Raman spectra (442 nm) of dehydrated 2wt% MoO3/ZSM-5 
catalysts as a function of Si/Al ratio (A) 15, (B) 25, (C) 40 and (D) 140 
collected at 110 
o
C after calcination in 10% O2/Ar at 500 
o
C for 120 mins. 68 
Figure 3- 10 DFT models of surface MoOx species on ZSM-5 and corresponding 
calculated vibrational frequencies ................................................................ 71 
Figure 3- 11 TPR profiles of bulk MoO3 (10 mg) and bulk MoO2(10mg) in 5 
vol% H2/Ar ................................................................................................... 73 
Figure 3- 12 TPR profiles of 1% MoO3/ZSM-5 Si/Al=15 and 3% MoO3/SiO2 
catalysts in 5 vol% H2/Ar ............................................................................. 74 
Figure 3- 13 TPR profiles of supported 1-5% MoO3/ZSM-5 Si/Al=15 in 5 vol% 
H2/Ar ............................................................................................................. 75 
Figure 3- 14 TPR profiles of supported 2% MoO3/ZSM-5 Si/Al=15-140 in 5 
vol% H2/Ar ................................................................................................... 76 
Chapter 4 
Figure 4- 1 Operando Raman-MS spectra of 2% MoO3/ZSM-5 Si/Al=25 during 
CH4 DHA reaction .................................................................................... 90 
Figure 4- 2 Temperature-programmed operando Raman-MS (442 nm) spectra of 
1 % MoO3/ZSM-5 (Si/Al=15) in 1.5% CH4/He flow................................... 91 
Figure 4- 3 Temperature-programmed operando Raman-MS (442 nm) spectra of 
2 % MoO3/ZSM-5 (Si/Al=15) in 1.5% CH4/He flow................................... 91 
Figure 4- 4 Temperature-programmed operando Raman-MS (442 nm) spectra of 
3 % MoO3/ZSM-5 (Si/Al=15) in 1.5% CH4/He flow................................... 92 
Figure 4- 5 Temperature-programmed operando Raman-MS (442 nm) spectra of 
4 % MoO3/ZSM-5 (Si/Al=15) in 1.5% CH4/He flow................................... 92 
Figure 4- 6 Temperature-programmed operando Raman-MS (442 nm) spectra of 
5% MoO3/ZSM-5 (Si/Al=15) in 1.5% CH4/He flow.................................... 93 
xv 
Figure 4- 7 Temperature-programmed operando Raman-MS (442 nm) spectra of 
2 % MoO3/ZSM-5 (Si/Al=25) in 1.5% CH4/He flow................................... 93 
Figure 4- 8 Temperature-programmed operando Raman-MS (442 nm) spectra of 
2 % MoO3/ZSM-5 (Si/Al=40) in 1.5% CH4/He flow................................... 94 
Figure 4- 9 Temperature-programmed operando Raman-MS (442 nm) spectra of 
2 % MoO3/ZSM-5 (Si/Al=140) in 1.5% CH4/He flow................................. 94 
Figure 4- 10 The reduction temperature of surface dioxo MoOx structure and 
evolution temperature of benzene on supported MoO3/ZSM-5 (Si/Al=15) 
against Mo content (1-5 wt%) ...................................................................... 96 
Figure 4- 11 The reduction temperature of surface dioxo MoOx structure and 
evolution temperature of benzene on supported 2wt% MoO3/ZSM-5 against 
Si/Al ratio (15-140) ...................................................................................... 97 
Figure 4- 12 In situ XANES spectra of 2 % MoO3/ZSM-5 (Si/Al=25) before (red) 
and after (black) reaction with CH4 .............................................................. 98 
Figure 4- 13 In situ EXAFS spectra during CH4 DHA of 4 % MoO3/ZSM-5 
(Si/Al=15) (blue) and 2% MoO3/ZSM-5 (Si/Al=15) (red) reaction with CH4 
for 30 ............................................................................................................ 99 
Figure 4- 14 XANES spectra of bulkNa2MoO4 which is consisted of isolated 
tetrahedral Mo
6+
O4 unit(red curve), bulk MoO2 which is consisted of Mo
4+
 
species with distorted octahedral symmetry(blue curve) and bulk Mo2C 
which is consisted of Mo
2+
 with hexagonal bcc lattice unit(black curve). ... 99 
Figure 4- 15 In situ XANES of 2% MoO3/ZSM-5 (Si/Al=25) during methane 
DHA at 700 
o
C for 90 mins (red curve) and bulk Mo2C reference compound 
(prepared in situ from bulk MoO3 with CH4/H2 gaseous mixture) ............ 101 
Figure 4- 16 In situ EXAFS spectra of bulk Mo2C ............................................ 102 
Figure 4- 17 CH4 -TPSR spectra over 2 % MoO3/ZSM-5 (Si/Al=15) ............... 103 
Figure 4- 18 CD4-TPSR spectra over 2 % MoO3/ZSM-5 (Si/Al=15) ................ 104 
Figure 4- 19 CH4-TPSR spectra over 2 % MoO3/ZSM-5 (Si/Al=15) ................ 104 
Figure 4- 20 CD4-TPSR spectra over 2 % MoO3/ZSM-5 (Si/Al=15) ................ 105 
xvi 
Figure 4- 21 Time-resolved in situ Raman spectra of regeneration of initial Mo 
oxide species of methane-reacted supported 2% MoO3/ZSM-5 (Si/Al=15, a) 
and (Si/Al=25, b) catalysts in 5% oxygen/argon at 500 
o
C. Raman recorded 
at 442 nm laser excitation ........................................................................... 107 
Figure 4- 22 TPO profiles of H2O and CO2 formed on coked 1-5% MoO3/ZSM-5 
catalysts in 18% CH4/Ar at 800 
o
C ............................................................. 110 
Figure 4- 23 The plot of ratio of total peak area (CO2: H2O) from TPO profiles 
against Mo oxide loading of the supported 1-5% MoO3/ZSM-5 catalysts 111 
Chapter 5 
Figure 5- 1 Integrated IR bands of surface hydroxyls of dehydrated supported 0-
5% V2O5/ZSM-5(Si/Al=15) catalysts .................................................... 131 
Figure 5- 2 In situ FTIR spectra of dehydrated supported 0-5% V2O5/ZSM-
5(Si/Al=15) catalysts .................................................................................. 132 
Figure 5- 3 Integrated IR bands of surface hydroxyls of dehydrated supported0-
3% CrO3/ZSM-5 (Si/Al=15) catalysts ........................................................ 133 
Figure 5- 4 In situ FTIR spectra of dehydrated supported 0-3% CrO3/ZSM-
5(Si/Al=15) catalysts .................................................................................. 134 
Figure 5- 5 Integrated IR bands of surface hydroxyls of dehydrated supported 0-
5% MoO3/ZSM-5 (Si/Al=15) catalysts ...................................................... 135 
Figure 5- 6 In situ FTIR spectra of dehydrated supported 0-5% MoO3/ZSM-
5(Si/Al=15) catalysts .................................................................................. 136 
Figure 5- 7 Integrated IR bands of surface hydroxyls of dehydrated supported 0-
5% WO3/ZSM-5 (Si/Al=15) catalysts ........................................................ 137 
Figure 5- 8 In situ FTIR spectra of dehydrated supported 0-5% WO3/ZSM-
5(Si/Al=15) catalysts .................................................................................. 138 
Figure 5- 9 Integrated IR bands of surface hydroxyls of dehydrated supported 0-
5% Re2O7/ZSM-5 (Si/Al=15) catalysts ...................................................... 139 
Figure 5- 10 In situ FTIR spectra of dehydrated supported 0-5% Re2O7/ZSM-
5(Si/Al=15) catalysts .................................................................................. 140 
xvii 
Figure 5- 11 UV-vis DRS edge energy, Eg, scale for reference metal oxide 
compounds with known structures and measured Eg values for dehydrated 
supported MOx/ZSM-5 catalysts, in which MOx is (A) VOx, dimer is V2O7 
structure (B) CrOx, (C) MoOx, (D) WOx and (E) ReOx. .......................... 142 
Figure 5- 12 In situ UV-vis DRS spectra of dehydrated MOx/ZSM-5, in which 
MOx= 2% V2O5 (left) and 2% CrO3 (right) for (A) MOx/ZSM-5 
(Si/Al=140), (B) MOx/ZSM-5 (Si/Al=40), (C) MOx/ZSM-5 (Si/Al=25), and 
(D) MOx/ZSM-5 (Si/Al=15) under oxidizing conditions at 400 
o
C. ......... 143 
Figure 5- 13 In situ UV-vis DRS spectra of dehydrated supported MOx/ZSM-5, 
in which MOx = 2% MoO3 (left), 3% WO3 (center), and 3% Re2O7 (right) 
for (A) MOx/ZSM-5 (Si/Al=140), (B) MOx/ZSM-5 (Si/Al=40), (C) 
MOx/ZSM-5 (Si/Al=25), and (D) MOx/ZSM-5 (Si/Al=15) under oxidizing 
conditions at 400 
o
C. The small jump in the baseline at 360 nm is due to the 
window change of the light source and is an artifact in the spectra ........... 144 
Figure 5- 14 In situ Raman spectra (Visible-532 nm) of dehydrated parent H-
ZSM-5 containing (A) Si/Al=15, (B) Si/Al=25, (C) Si/Al=40, and (D) 
Si/Al=140 under oxidizing conditions at 450 
o
C. ....................................... 149 
Figure 5- 15 In situ Raman spectra (442 nm) of dehydrated supported (A) 3% 
V2O5/ZSM-5 (Si/Al=15), (B) 3% V2O5/ZSM-5 (Si/Al=25), (C) 2% 
V2O5/ZSM-5 (Si/Al=40), (D) 2% V2O5/ZSM-5 (Si/Al=140) under oxidizing 
conditions at 450 
o
C .................................................................................... 151 
Figure 5- 16 Isotopic 
18
O-exchange time-resolved in situ Raman spectra (442 nm) 
of dehydrated 3 % V2O5/ZSM-5 (Si/Al=15) catalyst upon exposure to H2
18
O 
at 500 
o
C for (a) 0 min, (b) 5 min, (c) 10min, (d)15 min, (e) 20min, (f) 
25min, (g)30min, (h) 35min, (i) 40min, (j) 50 min and (k) 60 min ........... 153 
Figure 5- 17 In situ Raman spectra (442 nm, left; and 325 nm, right) of 
dehydrated supported (A) 2% CrO3/ZSM-5 (Si/Al=15), (B) 2% CrO3/ZSM-
5 (Si/Al=25), (C) 2% CrO3/ZSM-5 (Si/Al=40), and (D) 2% CrO3/ZSM-5 
(Si/Al=140) under oxidizing conditions at 500 
o
C. .................................... 154 
xviii 
Figure 5- 18 In situ Raman spectra (442 nm) of dehydrated supported (A) 2% 
MoO3/ZSM-5 (Si/Al=15), (B) 2% MoO3/ZSM-5 (Si/Al=25), (C) 2% 
MoO3/ZSM-5 (Si/Al=40), and (D) 2% MoO3/ZSM-5 (Si/Al=140) under 
oxidizing conditions at 500 
o
C. All the catalysts were calcined at 500 
o
C. 156 
Figure 5- 19 Isotopic 
18
O-exchanged time-resolved in situ Raman spectra of 2 % 
MoO3/ZSM-5 (Si/Al=25) upon exposure to H2
18
O at 400 
o
C for (a) 0 min, (b) 
5min, (c) 10 min, (d) 15 min, (e) 20 min, (f) 55 min, (g) 115 min ............. 157 
Figure 5- 20 In situ Raman spectra (532 nm) of dehydrated supported (A) 3% 
WO3/ZSM-5 (Si/Al=15), (B) 3% WO3/ZSM-5 (Si/Al=25), (C) 3% 
WO3/ZSM-5 (Si/Al=40), and (D) 3% WO3/ZSM-5 (Si/Al=140) under 
oxidizing conditions at room temperature following oxidative dehydration at 
600 
o
C ......................................................................................................... 159 
Figure 5- 21 In situ Raman spectra (325 nm) of dehydrated supported (A) 3% 
Re2O7/ZSM-5 (Si/Al=15), (B) 3% Re2O7/ZSM-5 (Si/Al=25), (C) 3% 
Re2O7/ZSM-5 (Si/Al=40), and (D) 3% Re2O7/ZSM-5 (Si/Al=140) under 
oxidizing conditions at 400 
o
C. The dehydrated ZSM-5 (Si/Al=140) support 
is provided in (E) for reference with 325 nm excitation energy. ................ 161 
Figure 5- 22 Vanadium k-edge in situ XANES (left) and EXAFS (right) of 
supported 3% V2O5/ZSM-5 (Si/Al=25) (labeled as 3VZ25) under 
dehydrated condition (500 
o
C for 30 mins, and full XAS collection at 110 
o
C) 
and dimeric V2Ox and monomeric VOx reference compounds Mg2V2O7 and 
Na3VO4, respectively. ................................................................................. 164 
Figure 5- 23 Chromium k-edge in situ XANES (left) and EXAFS (right) of 
supported 2% CrO3/ZSM-5 (Si/Al=25) (labeled as 2CrZ25) under 
dehydrated condition (500 
o
C for 30 mins, and full XAS collection at 110 
o
C 
in flowing He) and Cr2O3 (CrO6 coordinated sites), CrO3 (polymeric CrO4 
chain), (NH4)2CrO4 (isolated CrO4 sites) and (NH4)2Cr2O7 (dimeric O3Cr-O-
CrO3 sites) isolated reference compounds. ................................................. 165 
Figure 5- 24 Molybdenum k-edge in situ XANES (left) and EXAFS (right) of 
supported 2% MoO3/ZSM-5 (Si/Al=15, 25, 140) (labeled as 2MoZ15, 
xix 
2MoZ25 and 2MoZ140, respectively) under dehydrated condition (500 
o
C 
for 30 mins, and full XAS collection at 110 
o
C in flowing 10% O2/He) and 
reference compounds phosphomolybdate acid (Mo-HPA, mono-oxo MoO6 
containing cluster), and Al2(MoO4)3 (isolated tetrahedral MoO4) and MoO3 
(oligomeric MoO6 structure) ...................................................................... 167 
Figure 5- 25 Tungsten L1-edge in situ XANES (left) and EXAFS (right) of 
supported 2% WO3/ZSM-5 (Si/Al=15, 25, 40,140) (labeled as 15, 25 and 
140, respectively) under dehydrated condition (500 
o
C for 30 mins, and full 
XAS collection at 110 
o
C in flowing he) and reference compounds 
phosphotungstate acid (W-HPA, mono-oxo WO6 containing cluster), 
Ce2(WO4)3 (isolated WO4) and WO3 (oligomeric WO6 structure) ............. 169 
Figure 5- 26 Rhenium L1-edge in situ XANES (left) and EXAFS (right) of 
supported 3% Re2O7/ZSM-5 (Si/Al=15) (500 
o
C for 30 mins, and full XAS 
collection at 110 
o
C in flowing He), and reference compounds ReO3 (ReO6 
structure) and trioxo(triphenylsilyloxy)rhenium(VII) (Trioxo(TPS)-Re, 
isolated trioxo ReO4 structure) ................................................................... 171 
Figure 5- 27 Schematic of surface MOx species for A) V2O5/ZSM-5, B) 
CrO3/ZSM-5, C) MoO3/ZSM-5, D) WO3/ZSM-5, and E) Re2O7/ZSM-5 
catalysts.  In all systems, the surface MOx species preferentially anchor on 
the framework AlOx sites inside the zeolite pores.  Surface molybdena 
species in MoO3/ZSM-5 catalysts consist of distorted dioxo species. ....... 173 
Chapter 6 
Figure 6- 1 In situ Raman spectra (Visible-532 nm) of dehydrated parent H-ZSM-
5 containing (A) Si/Al=15, (B) Si/Al=25, (C) Si/Al=40, and (D) Si/Al=140 
under oxidizing conditions at 450 
o
C. ........................................................ 193 
Figure 6- 2 Operando Raman-MS (442nm) spectra for 3% V2O5/ZSM-5 
(Si/Al=15) during CH4-TPSR..................................................................... 194 
Figure 6- 3 Operando Raman-MS (442nm) spectra for 1% CrO3/ZSM-5 
(Si/Al=15) during CH4-TPSR..................................................................... 195 
xx 
Figure 6- 4 Operando Raman-MS (442 nm) spectra of 2% MoO3/ZSM-5 
(Si/Al=15) during CH4-TPSR..................................................................... 197 
Figure 6- 5 Operando Raman-MS (442nm) spectra of 1% WO3/ZSM-5 (Si/Al=15) 
during CH4-TPSR ....................................................................................... 198 
Figure 6- 6 Operando Raman-MS (442 nm) spectra of 1% Re2O7/ZSM-5 
(Si/Al=15) during CH4-TPSR..................................................................... 200 
  
 
 
 xxi 
List of Tables 
Chapter 2 
Table 2- 1 Details about the parent ZSM-5 .......................................................... 34 
Chapter 3 
Table 3- 1 Literature review on supported MoO3/ZSM-5 for methane 
dehydroaromatization ............................................................................... 54 
Chapter 4 
Table 4- 1 Reduction temperature of MoOx species and evolution temperature of 
C6H6 over supported MoO3/ZSM-5 catalysts derived from operando 
Raman-MS spectroscopy .......................................................................... 96 
Table 4- 2 Summary of peak temperature, integrated peak area and the peak area 
ratio (CO2/H2O) from TPO profiles on 1-5% MoO3/ZSM-5 ..................... 112 
Chapter 5 
Table 5- 1 Literature review of supported MOx/ZSM-5 catalysts (M=V, Cr, Mo, 
W and Re) indicating the proposed anchoring sites, molecular MOx 
structures and characterization techniques with the employed 
experimental conditions.......................................................................... 127 
Table 5- 2 Positions of Raman bands (cm
-1
) for dehydrated MOx/ZSM-5 catalysts 
under oxidizing conditions ......................................................................... 150 
Table 5- 3 Summary of dehydrated surface MOx molecular structures on ZSM-5 
supports from in situ XAS .......................................................................... 163 
 1 
ABSTRACT 
The non-oxidative dehydroaromatization (DHA) of methane to aromatics by ZMS-5 
supported group V-VII transition metal oxide (VOx, CrOx, MoOx, WOx and ReOx) 
catalysts has received much attention in recent years. Despite the intensive catalysis 
studies, many fundamental issues still remain unclear such as the anchoring sites and 
molecular structures of the initial supported MOx phases on the ZSM-5 support (Si/Al= 
15, 25, 40 and 140), and the nature of the M catalytic active sites during the CH4 DHA 
reaction. A systematic in situ molecular spectroscopic study under fully dehydrated 
conditions and operando spectroscopic study during methane DHA were investigated 
over a series of supported MOx/ZSM-5 catalysts in order to resolve the molecular level 
details.  
The in situ Raman spectra identified that the initially supported MOx phases are 
completely dispersed as surface monoxo (M=O) and dioxo (O=M=O) MOx species on 
the ZSM-5 supports. The corresponding in situ UV-vis spectra of supported MOx/ZSM-5 
catalysts have high edge energy (Eg) values for the Ligand-to-Metal-Charge Transfer 
(LMCT) transitions and the absence of d-d transitions are consistent with that the 
supported MOx species are isolated and fully oxidized (V
+5
, Cr
+6
, Mo
+6
, W
+6
 and Re
+7
) 
on the ZSM-5 support, respectively.  
The reactivity of the supported MOx/ZSM-5 catalysts was studied with temperature-
programmed operando Raman-MS spectroscopy. The supported VOx/ZSM-5 and 
CrOx/ZSM-5 catalysts were not selective to benzene and formed only carbon monoxide 
and hydrogen. Only supported ReOx/ZSM-5, MoOx/ZSM-5 and WOx/ZSM-5 were 
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found to be active catalysts for methane DHA and the temperature for initial benzene 
formation decreased in the order of WOx/ZSM-5 (~800 
o
C) < MoOx/ZSM-5 (~700 
o
C) 
<ReOx/ZSM-5 (~650 
o
C). The poor reactivity of VOx/ZSM-5 and CrOx/ZSM-5 catalysts 
might be due to the failure to form metal carbide or metallic species, which have been 
identified as the active sites of supported MoOx/ZSM-5, WOx/ZSM-5 and ReOx/ZSM-5 
catalysts for methane DHA. Despite the high reactivity of the supported ReOx/ZSM-5 
catalyst, the volatility of the ReOx phase and its high cost does not make for a practical 
catalyst. The supported WOx/ZSM-5 catalyst is selective towards benzene at high 
temperatures, but the excessive temperatures lead to severe coke deposition that 
deactivates this catalyst. The supported MoOx/ZSM-5 catalyst appears to be the best 
catalyst for methane DHA because of its high selectivity towards benzene (80-90%) and 
near equilibrium conversion, but it also undergoes catalyst deactivation because of coking. 
Operando Raman-MS and XANES/EXAFS spectroscopic studies is consistent with the 
initial isolated surface MoOx sites undergoing dynamic structural changes and do not 
correlate to the reactivity. The presence of a high concentration of Brønsted acid sites 
(low Si/Al ratio of ZSM-5) leads to better catalytic reactivity of the supported 
MOx/ZSM-5 catalysts (M=Mo, W and Re). The active sites of MoOx/ZSM-5 catalysts 
for methane DHA are identified as poorly ordered Mo4OyCz nanoparticles anchoring on 
Al sites of ZSM-5 via in situ EXAFS/XANES. 
The present study provides a better understanding about the isolated surface MOx 
molecular structures present for the supported MOx sites on ZSM-5 and their 
transformation to active phases during the methane dehydroaromatization reaction at 
elevated temperatures. 
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Chapter 1.  
Literature Review of methane 
dehydroaromatization to Liquid Aromatic by 
supported transition metal oxide MOx/ZSM-5 
(M=V, Cr, Mo, W and Re) catalysts 
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Abstract 
The non-oxidative conversion of methane to aromatics by supported MOx/ZSM-5(M=V, 
Cr, Mo, W and Re) catalysts has generated much interested in recent years because of the 
enormous potential impact of such a catalytic technology to the world’s energy portfolio. 
In spite of the extensive number of studies on this catalytic reaction, a general consensus 
has not been reached on many of the fundamental details such as the anchoring sites, 
molecular structures of the surface MOx species on ZSM-5 supports and the catalytic 
active sites present during methane dehydroaromatization (DHA) reaction. This chapter 
will provide a critical review on the reported molecular findings of supported transition 
metal oxides of group V-VII on ZSM-5 and the proposed catalytic active sites of these 
catalysts for methane DHA. The unresolved fundamental molecular understandings of 
these significant catalytic systems poses a great hindrance in the progress of these 
important catalytic systems, and further effort is required to resolve these issues if this 
technology is to proceed forwards. 
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Introduction 
The molecular and electronic structures of highly dispersed group V-VII transition metal 
oxide supported on zeolites have received significant attention in recent years due to their 
industrial potential as catalysts for numerous chemical reactions
1-18
. For example, 
supported V2O5/ZSM-5 catalysts have been studied for selective catalytic reduction (SCR) 
of NOx with ammonia
1
, and oxidative dehydrogenation (ODH) of ethane to ethylene with 
CO2
2
. Supported MoO3/ZSM-5 catalysts have been investigated for non-oxidative 
dehydroaromatization (DHA) of methane
3
, and partial oxidation of methane to 
formaldehyde
4
. Supported CrO3/ZSM-5 catalysts have been examined for SCR of NOx 
with hydrocarbons
5
, propane dehydrogenation to propylene
6
, ODH of ethane to ethylene 
with CO2
7
, photocatalytic partial oxidation of propane to acetone
8
, toluene 
disproportionation
9
, non-oxidative DHA of methane
10
 and neutralization of volatile 
organic compounds (VOC) and chlorinated VOCs
11,12,13,14
. Supported WO3/ZSM-5 
catalysts have been studied for methane oxidation
15
 and non-oxidative DHA of methane
16
,
 
and supported Re2O5/ZSM-5 catalysts have been found to be effective for conversion of 
ethane to benzene
17
 and non-oxidative DHA of methane.
18
  
The recent significant discovery of shale gas has renewed the interest in the supported 
MOx/ZSM-5 catalysts for the effective natural gas to liquid fuel technology (GTL).
19
 The 
state-of-the-art GTL technology based on the production of syngas (carbon monoxide and 
hydrogen) has been explored for industrial implementation.
19
 Production of syngas is a 
capital and energy intensive multistep process. Consequently, there is a great motivation 
for the development of a direct route based on methane coupling either in the presence of 
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oxygen or via a non-oxidative process. Wang and co-workers’ initial report of the direct 
conversion of methane into benzene on supported MoO3/ZSM-5 catalysts in 1993 evoked 
much interest
3
. This pioneering work inspired multiple investigations of similar catalyst 
systems involving group V-VII transition metal oxides supported on zeolites
10
. By far the 
most effective catalyst for this reaction was found to be supported MoO3/ZSM-5 due to 
its high selectivity towards benzene and near equilibrium conversion. Mamonov. et al.
19
 
and Ismagilov et al.
20
 provided a thorough review of methane DHA over supported 
molybdenum oxide on zeolites with regards to catalyst synthesis and reaction conditions, 
different zeolite supports, the active sites and reaction mechanism. Spivey et al.
21
 
presented an overview of catalytic aromatization of methane by emphasizing the 
thermodynamics, kinetics and reactor design of methane DHA by supported molybdenum 
oxide on zeolite catalysts. 
The supported metal oxide phases on ZSM-5 are usually molecularly dispersed below 
monolayer surface coverage or the maximum dispersion limit. The supported surface 
metal oxide components provide redox/acid/basic sites while the ZSM-5 support 
contributes strong Brønsted acid sites and shape-selectivity not available for non-zeolitic 
supported metal oxide catalyst systems. Above monolayer coverage or maximum 
dispersion limit, crystalline metal oxides nanoparticles (NPs) also form on the zeolite 
external surface and are generally undesirable because of their lower catalytic activity 
and tendency to block the micropores of ZSM-5.
22
 
In spite of extensive characterization studies about supported MOx/ZSM-5 catalysts, 
the details about the anchoring sites, molecular and electronic structures of surface MOx 
species on ZSM-5 supports are still not resolved. Although there is some agreement that 
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the anchoring sites for the MOx species on the ZSM-5 supports are the surface Brønsted 
acid sites and Si-OH sites, there is no consensus about the nature of the MOx species. 
The lack of consensus is strongly related to the application of different characterization 
techniques under different conditions (ambient, ex situ and in situ). Many of the 
characterization measurements were taken under ambient and ex situ conditions, with 
only a few in situ spectroscopic studies reported. The dynamic nature of catalysts under 
different environmental conditions is well established and the characterization under 
ambient conditions, at which condition the catalysts are hydrated, is not representative of 
the actual states of catalysts under relevant environmental conditions (dehydrated and 
reaction conditions).
23,24
 The objectives of the current research are to 1) identify the 
anchoring sites of the surface MOx species on the ZSM-5 support, 2) determine the 
molecular structures of the initial surface MOx species, 3) establish the catalytic active 
sites responsible methane DHA by supported MOx/ZSM-5 catalysts under reaction 
conditions; 4) correlation of the structure-activity/selectivity relationships for methane 
DHA, and 5) determining the rate-determining-step for methane DHA by supported 
MOx/ZSM-5 catalysts.  
 
1.1. Anchoring sites of surface MOx species in supported 
MOx/ZSM-5 catalysts 
A large number of studies have addressed the location of surface MOx species in the 
zeolite matrix. The successful introduction of surface metal oxide species within the 
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zeolite channel is greatly influenced by catalyst synthesis methods. Supported 
MOx/ZSM-5 catalysts can be prepared by two synthesis methods: (1) a solid-state 
reaction of the physical mixture of bulk metal precursors (oxides/chloride salts) with 
zeolite at elevated temperatures(500-700 
o
C), and (2) an incipient wetness impregnation 
method from which the active metal precursors (ammonium metal salts) are dissolved 
into an aqueous or organic solution before mixing with the zeolite support; the volume of 
solution is controlled to reach the wet point of the zeolite so that capillary action draws 
the metal-containing solution to the zeolite matrix. Lunsfords et al.
25
 and Iglesia et al.
16
 
investigated supported MOx/ZSM-5 catalysts prepared by impregnation and solid-state 
reaction, respectively. They both suggested that catalysts obtained from the solid-state 
reaction lead to a majority of surface metal oxide species at ion exchange sites inside the 
zeolite channels, whereas catalysts obtained from impregnation lead to a large amount of 
metal oxide species at the external surface of zeolite and a small fraction of metal oxide 
species inside the zeolite channels. However, Iglesia et al. claimed the anchoring sites of 
surface MOx species (such as WOx
16
, MoOx
26,27,28
 and ReOx
29
) without direct 
experimental evidence but only on the basis of titration of residual protons of zeolites 
assuming the supported MOx/ZSM-5 as single-site catalysts. Lunsfords et al.
25
 and many 
other groups have investigated the anchoring sites of supported MOx/ZSM-5 by FT-IR 
techniques. Earlier FT-IR studies were based on ambient or ex situ FT-IR, and only a few 
recent studies are in situ FTIR. The IR studies based on a hydrated catalyst under ambient 
conditions are not representative of the actual catalysts under dehydrated conditions. In 
this section, literature findings on the anchoring sites of surface metal oxides species in 
supported MOx/ZSM-5 catalysts is discussed. 
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1.1.1. Supported V2O5/ZSM-5 
The anchoring sites of surface VOx species are greatly affected by the preparation 
methods. Weckhuysen et al.
25
 investigated the location of surface VOx species via in situ 
FT-IR and observed that the surface VOx species mainly leads to the consumption of 
external silanol groups of zeolites for samples prepared by impregnation, while surface 
VOx species mainly leads to the consumption of framework Brønsted acid sites for 
samples prepared by solid state reaction of VOCl3 and HZSM-5. It is consistent with the 
conclusions on the supported V2O5/ZSM-5 by solid state reaction reported by other 
groups.
30,31
 Wichterlova et al.
30
 claimed that surface VOx species anchor at Brønsted acid 
sites and external silanol sites via ambient FTIR. As mentioned previously, the FTIR 
study based on a hydrated sample at ambient condition is not representative of the actual 
catalyst under dehydrated conditions. Later in an in situ FTIR study, Lacheen et al.
31
 
observed a monotonic decrease in the surface Brønsted acid hydroxyls with increasing 
V/Alframework ratio as well as consumption of a small number of external silanols on 
supported VOx/ZSM-5 prepared from the solid-state reaction as shown in Figure 1- 1. 
The introduction of each V-atom replaced ~1 proton of the Brønsted acid site. This study 
claimed that surface VOx species anchor at Brønsted acid sites only. 
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Figure 1- 1 Fourier transformed infrared spectra in the hydroxyl stretching region (a) H-
ZSM5, (b) V/Alf,i= 0.2, (c) V/Alf,i= 0.4, (d) V/Alf,i= 0.65, (e) V/Alf,i= 1. Spectral intensities were 
normalized with the Si−O−Si overtone bands between 1730 and 2100 cm
-1
.
31 
1.1.2. Supported CrO3/ZSM-5 
The anchoring sites of surface CrOx species on ZSM-5 are under debate due to the lack 
of in situ characterizations. Greene et al.
13 
and Slinki et al.
24
 reported that surface CrOx 
species anchor at surface Brønsted acid sites in supported CrO3/ZSM-5 obtained by 
impregnation based on ambient FTIR and in situ ESR, respectively. An FTIR study based 
on a hydrated catalyst under ambient conditions is not representative of the actual 
catalysts under dehydrated conditions. In contrast to these conclusions, Lunsford et al.
10
 
observed via in situ FTIR that a substantial amount of Brønsted acid protons and silanol 
hydroxyls present on the supported 2% CrO3/ZSM-5(Si/Al=15) prepared by the 
impregnation method, but further conclusion about the anchoring site is not possible from 
this study due to the absence of the FTIR spectra of parent HZSM-5 as a reference. 
Ghorbel et al.
32
 investigated the anchoring sites of supported CrO3/ZSM-5 obtained by 
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solid-state exchange synthesis from solid mixture of various chromium salt and HZSM-5 
via in situ diffuse reflectance Infrared Fourier transform spectroscopy (DRIFTs). The 
study suggested that surface CrOx species anchor mainly at Brønsted acid sites with a 
small amount of CrOx species at external silanol sites of ZSM-5, as shown in Figure 1- 2. 
A closer examination of the DRIFT spectra of the parent ZSM-5 and CrO3/ZSM-5 leads 
to the concern if the baseline correction was correctly applied. It seems like that the 
intense band at 3593 cm
-1
 of HZSM-5 is due to a high baseline of the spectra rather than 
the presence of substantial amount of Brønsted acidity as concluded. Therefore, 
quantitative DRIFT analysis based on these spectra is subject to question. 
 
Figure 1- 2 DRIFT spectra of H–ZSM-5 and chromium containing catalysts. Cr-D, Cr-N, 
Cr-Cl and Cr-A represent supported CrO3/ZSM-5(Si/Al=15) prepared from solid-state reaction 
with HZSM-5 and chromium salts such as ammonium dichromate, chromium nitrate, 
chromium chloride and chromium acetate, respectively
32
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1.1.3. Supported MoO3/ZSM-5 
There is general consensus from multiple reported in situ IR studies
33,34 
that both surface 
Al-(OH)
+
-Si Brønsted acid and external Si-OH sites are the anchoring sites for surface 
MoOx species on H-ZSM-5. Xu et al.
34
reported that MoOx species preferably anchor at 
surface Brønsted acid sites over silanol hydroxyls for 6% MoOx/ZSM-5 (Si/Al=25) with 
in situ IR where dehydration was performed in vacuum. Lunsford and co-workers
33 
observed with in situ IR spectroscopy that MoOx species migrated from external surface 
Si-OH sites and extra-framework Al-OH hydroxyls to framework Al-(OH)
+
-Si sites at 
elevated calcination temperatures for 2% MoOx/ZSM-5 (Si/Al=25) obtained by 
impregnation of aqueous ammonium heptamolybdate. In contrast to the above synthesis 
method, Borry et al.
27
  and Li et al.
26
 prepared the catalysts by solid-state reaction of 
crystalline MoO3 onto the ZSM-5 support at 500-700 
o
C. From titration of the residual 
protons it was assumed that surface Mo2O5 dimers are formed and anchor at two adjacent 
Al-(OH)
+
-Al Brønsted acid sites, but no direct supporting information about the 
anchoring sites or dimeric structures were provided. It is important to note that the 
probability of finding a high concentration of two adjacent Al framework Brønsted acid 
sites is low according to Lowenstein’s rule and not enough of such paired sites are 
present for anchoring high loadings of MoOx on ZSM-5.
35
 
1.1.4. Supported WO3/ZSM-5 
Direct experimental FTIR results have not been provided in the literature to elucidate the 
anchoring sites of surface WOx species in supported WO3/ZSM-5.
36
 The Brønsted acidity 
of ZSM-5(Si/Al=38) after the introduction of 3% W ions prepared by incipient 
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impregnation was chemically probed by NH3-temperature programmed desorption (NH3-
TPD) and not found to be perturbed by addition of WOx by Xiong et al.
36
 The NH3-TPD 
method, however, cannot differentiate between Brønsted acidity of the parent HZSM-5 
and new Brønsted acidity of surface WOx species, which has been shown for similar 
catalyst systems (WO3/SiO2, WO3/Al2O3 and WO3/ZrO2).
37,38, 
Therefore, it is still 
uncertain whether surface WO3 species will anchor at Brønsted acid sites of ZSM-5. Ding 
et al.
16
 suggested that the surface WOx species require two neighboring Brønsted acid 
sites of ZSM-5 solely based on titration of the residual protons of ZSM-5, but as already 
indicated the probability of finding a high concentration of two adjacent Brønsted acid 
sites is low at higher coverage according to Lowenstein’s rule.35  
1.1.5. Supported Re2O7/ZSM-5 
The anchoring sites of ReOx species in supported Re2O7/ZSM-5 has received limited 
attention due to the highly volatile nature of Re-oxo species. In situ IR studies
18,29 
reported that surface ReOx species prefer to anchor at Brønsted acid sites with a small 
amount of ReOx species at external silanol sites. The proposed monomeric ReOx species 
requires one Brønsted acid sites and the dimeric Re2Ox requires two neighboring 
Brønsted acid sites, but the probability of finding a high concentration of two adjacent 
Brønsted acid sites is low as already indicated according to the Lowenstein’s rule. 35 
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1.2. Molecular structures of surface MOx species on supported 
MOx/ZSM-5 catalysts 
1.2.1. Supported V2O5/ZSM-5 
The proposed molecular structures for surface VOx species are shown in Figure 1- 3.  
 
Figure 1- 3 Schematic of proposed molecular structures of monomeric VOx and dimeric 
V2O4
2+
 species in ZSM-5 
For the supported V2O5/ZSM-5 catalysts, it was initially proposed that dehydrated surface 
V
(IV)
O
2+
 species anchor at cationic sites of the zeolites through solid-state reaction of 
V2O5 with high silica-containing zeolites from in situ ESR measurements by Slinkin et 
al.
39,40
 and Wicherlova et al.
30
 Slinkin et al.
39,40
 observed VO
2+
 on cationic sites of 
zeolites while Wichterlova et al.
30
 proposed the presence of VO
2+
 species on both the 
Brønsted acid sites and extra-framework Si-OH sites based on dehydrated ESR under 
vacuum and hydrated IR spectroscopy at room temperature. Investigation employing 
ESR techniques cannot characterize the ESR-inactive V
5+
 ions. Anpo et al.
41
 investigated 
the supported V2O5/ZSM-5 catalysts prepared by solid state sublimation preparation via 
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ex situ UV-vis DRS spectroscopy and ex situ vanadium K-edge extended X-ray 
absorption fine structure (EXAFS). It was revealed that V2O5 is transformed to dispersed 
mono-oxo vanadyl group (O3V
(V)
=O) based on the strong pre-edge feature of the 
supported V2O5/ZSM-5, however, the presence of multiple UV-vis absorption bands at 
235, 275 and 340 nm were not addressed. Furthermore, the XAS is a bulk technique and 
provides the average information of all structures present on the catalysts. In a subsequent 
work, Anpo et al.
41
 assigned the multiple UV-vis bands and concluded the presence of 
both V
(V)
 and V
(VI)
 are present on the ZSM-5 support: (1) V
(v)
O4 based on UV-vis band at 
235 and 340 nm, and (2) V
(VI)
O
2+
 of square pyramidal coordination based on UV-vis 
band at 275 nm. However, the multiple UV-vis absorption bands (235, 275 and 340 nm) 
and V-O-V coordination from the ex situ EXAFS for the supported V2O5/ZSM-5 indicate 
the presence of oligomeric VOx species on ZSM-5, which implies that the sample is 
partially hydrated under their characterization conditions. It has been reported that the 
nature of surface transition metal oxides species is polymeric under ambient conditions 
and isolated under dehydrated conditions below monolayer coverage on various metal 
oxide supports (Al2O3, SiO2, ZrO2 and TiO2)
42,43
. Therefore, it is important to properly 
characterize the catalyst under dehydrated conditions with the help of in situ spectroscopy. 
More recently, Lacheen and Iglesia
31
 have proposed the presence of monomeric dioxo 
VO2
+
 and dimeric V2O4
2+
 species located on cationic sites of zeolites for supported 
VOx/ZSM-5 (Si/Al~13.4) via in situ FTIR, in situ Raman and in situ EXAFS fit. The 
Raman vibrations at 1065-1076 cm
-1
 were assigned to the V=O vibration using 
theoretical stretching frequencies from DFT and in situ EXAFS analysis. The vibration of 
1065-1076 cm
-1
 is too high for terminal V=O bonds for since mono-oxo V=O structures 
 16 
vibrate in the 1015-1040 cm
-1 
range
44,45
 and dioxo O=V=O bonds would give rise to vs 
and vas vibrations at even lower wavenumbers.
46
 Raman bands at ~1070 cm
-1
 have been 
shown to originate from Si-O vibrations and are not associated with surface vanadia 
species.
47,48,49
 The proposed dimeric surface V2O4
2+
 species on ZSM-5 cannot be a 
significant species as indicated by the absence of a V-O-V correlation in the second 
coordination sphere of the in situ FT-EXAFS. 
1.2.2. Supported CrO3/ZSM-5  
The proposed surface CrOx structure on ZSM-5 are summarized and shown in Figure 1- 
4. Isolated dioxo (O=)2CrO2, isolated trioxo (O=)3CrO and nanocrystalline Cr2O3 were 
proposed as the surface CrOx structures present on ZSM-5 support.  
 
Figure 1- 4 Schematic of proposed molecular structure of monomeric CrO4 and Cr2O3 
nanoparticles present in ZSM-5 
Early characterization studies employing IR, ESR (Cr
+5
 and Cr
+3
) and Mossbauer 
spectroscopy (Cr
+5
 and Cr
+6
 cations) under vacuum only identified the oxidation state of 
CrOx species under oxidative environments up to 500 
o
C, and no further structural details 
were mentioned.
24,50,51
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The presence of surface dioxo (O=)2CrO2 species on ZSM-5 (Si/Al=29-1900) have 
recently also been proposed.
24,52,53,54
 The isolated CrO4 and CrO5/6 Cr
6+
/Cr
5+
 structures 
were proposed from in situ ESR measurements
24
. The in situ XANES pre-edge peak was 
present at 5.993 keV that is characteristic of Cr
6+
O4 structures containing terminal Cr=O 
bonds
53
. The in situ EXAFS indicates the major presence of Cr=O bond in the first 
coordination shell and the presence of small amount of Cr2O3 NPs due to the presence of 
weak Cr-O-Cr bond at 0.25-0.42 nm at the second and third coordination shells. This 
analysis also neglects the possible presence of multiple surface CrOx species on the ZSM-
5 support, which are known to be present on other oxide support materials such as SiO2, 
Al2O3 and Al2O3/SiO2.
44,53 ,55
 Corresponding IR spectra exhibited a weak band at ~925 
cm
-1
 that was assigned to the Cr=O double bond of the surface CrO4 species,
8
 but IR 
bands in this region have been shown to arise from vibrations of bridging Cr-O-support 
bonds and not vibrations of Cr=O bonds.
56
 Isolated surface CrOx species with Raman 
band at 1007-1015 cm
-1
 was reported by Ghorbel et al.
32
 via in situ Raman; however, the 
incorporation of surface CrOx species into the zeolite channel did not appear to be 
successful in this study as indicated by the weak and broad Raman bands. 
Isolated trioxo surface (Al-)OCr(=O)3(-Si) species on ZSM-5 (Si/Al=15 and 40) have 
also been proposed in which the surface CrOx contains one bridging Cr—O—support 
bond and three terminal Cr=O bonds, but no supporting experiment evidence was 
provided.
13
 An isolated trioxo Cr(=O)3 structure would be expected to give rise to four 
Raman vibrations located at ~908 (vs), 933 (vas), 947 (vas), and 955 (vas) cm
-1
, which have 
been reported for the trioxo CsBrCr(=O)3 reference compound.
57
 Without direct 
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confirmation with in situ Raman spectroscopy, the surface trioxo (O=)3CrO structure on 
ZSM-5 cannot be validated and a trioxo chromate structure is highly unlikely.
56 
  
Ghorbel et al.
 32
 reported via in situ Raman the presence of polychromates (sharp 
Raman band at ~375 cm
-1
) on supported CrO3/ZSM-5 catalysts prepared by the solid-
state reaction (Si/Al=15, Cr/Al=0.5, 1 and 1.5). Polychromate surface CrOx species; 
however, would be expected to also exhibit Raman vibrations at 980-930 cm
-1(νas), ~900 
cm
-1(νs), 818-840 cm
-1(νas(CrOCr)) and 563-512 cm
-1
 (νs(CrOCr)).
53
 The absence of these 
characteristic Raman bands is due to the absence of polychromate species on ZSM-5 or 
only present in a negligible amount which is below the detection limit of Raman 
spectroscopy (subnanosize). The observed sharp Raman band at 375 cm
-1
 accompanied 
by shoulder bands at ~298cm
-1
 and 440-450cm
-1
 are actually from the stretching 
vibrations of five-, six- and four-membered silica rings of the ZSM-5 support
47,48,49
 
The presence of Cr2O3 nanoparticles on supported CrO3/ZSM-5 catalysts was also 
proposed. Ghorbel et al.
 32
 reported the presence of Cr2O3 nanoparticles as evident from 
the sharp characteristic Raman band at 541-550 cm
-1
. Mimura and Yamashita  et al.
54
 
observed the presence of Cr2O3 NPs on a dehydrated supported CrO3/ZSM-5 with high 
Si/Al ratio via in situ XAS measurements.  
1.2.3. Supported MoO3/ZSM-5 
Different surface MoOx structures have been proposed in the literature by many 
groups
4,26,27,58 
as shown in
 
Figure 1- 5.  
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Figure 1- 5 Schematic of proposed molecular structures of monomeric MoO4 on two 
neighboring Brønsted acid sites and dimeric Mo2O7 on two neighboring Brønsted acid sites in 
ZSM-5 
Isolated MoO4/MoO6 was proposed as the dominate species below monolayer Mo 
content and polyoxomolybdenum Mo5Ox species at higher Mo contents based on ambient 
UV-Vis studies.
4
 The presence of polymeric Mo5Ox species are not feasible since 
hydrated supported molybdate oxide species are known to be present as hydrated 
(MoO4)
2-
, (Mo7O24)
6-
 and (Mo8O26)
4-
 clusters.
59
 The in situ EXAFS/XANES studies
26
 
claimed dimeric (Mo2O5)
2+
 structure for the solid-state-exchanged MoOx/ZSM-5 
(Si/Al=19) catalyst, but the absence of Mo-O-Mo distances in the EXAFS do not support 
the dimeric structure. There has also been inconsistency in the assignment of the in situ 
Raman bands for supported MoO3/ZSM-5 catalysts. With visible Raman spectroscopy, 
vibrations were detected at 970 and 1045 cm
-1
 that were assigned to dimeric and isolated 
surface molybdena species, respectively.
27
 With UV Raman spectroscopy, vibrations at 
868 and 962 cm
-1
 were assigned to the dimeric Mo-O-Mo stretch and isolated mono-oxo 
O=MoO4 species, respectively.
58
 Theoretical vibration frequencies of isolated dioxo 
MoOx species appears at 975 cm
-1(νs) and 956 cm
-1(νas) reported by Bao et al.
60
; however, 
 20 
the dioxo (O=)2MoO2 model requires two adjacent Brønsted acid sites which is against 
Lowenstein’s rule. In a subsequent study, Bao et al.61 proposed a dimeric (O≡)2Mo-O-
Mo(≡O)2 structure which can overcome the long distance between two close but non-
neighboring Brønsted acid sites (e.g: -Al-O-Si-O-Al-) in the zeolite support with high 
Si/Al ratio. However, the presence of terminal Mo≡O bond is not supported by any 
experimental result. The most recent combined Raman and DFT studies of supported 
MoO3/ZSM-5 catalysts indicate that the vibration at 962-970 cm
-1
 is actually from 
isolated surface dioxo (O=)2Mo(OH)O species anchored at a single Brønsted acid site, 
the band at 1045 cm
-1
 corresponds to Al2(MoO4)3 NPs
59
 and the band at 868 cm
-1
 is 
characteristic of Mo-O-Al/Si bonds.
59,62
  
1.2.4. Supported WO3/ZSM-5 
There is almost unanimous agreement among all researchers that the dehydrated surface 
WOx species on ZSM-5 are present as isolated species shown in Figure 1- 6.  
 
Figure 1- 6 Schematic of proposed molecular structure of monomeric dioxo WO4 on two 
neighboring Brønsted acid sites in ZSM-5 
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min et al.
15
 concluded that surface WOx species present on ZSM-5 are isolated from the 
high Eg values of their in situ UV-vis spectra (LMCT ~215 nm). In situ EXAFS 
measurements
16
 showed the absence of bridging W-O-W bonds in the second 
coordination shell which precludes the presence of dimeric or oligomeric WOx species. 
Although the dehydrated WOx species on ZSM-5 were proposed to possess a dioxo 
(O=)2WO2 structure, neither the XANES pre-edge feature nor the number of terminal 
W=O bonds were reported. The local structure and oxidation state of the dehydrated 
WOx centers were probed with W LIII XANES and fitted to the EXAFS spectra. The 
XANES/EXAFS method averages the structural information and cannot establish if 
several distinct isolated WOx species are present on ZSM-5, which require molecular 
characterization with techniques such as in situ Raman spectroscopy. 
1.2.5. Supported Re2O7/ZSM-5 
The proposed surface ReOx structures on ZSM-5 are summarized in Figure 1- 7.  
 
Figure 1- 7 Schematic of proposed molecular structure of ReO4 on a Brønsted acid site and 
dimeric Re2O6
2+
 on two neighboring Brønsted acid sites in ZSM-5 
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For the supported Re2O7/ZSM-5 catalyst system, several research groups proposed that 
the surface rhenia species present on ZSM-5 are isolated trioxo (O=)3ReO species 
anchored to two oxygen sites associated with framework alumina (e.g. Si-O*-Al-O*-Si) 
from ex situ XAS measurements
63
, in situ Raman
18
 and in situ XAS measurements
18
. 
Lacheen et al.
18,29
 proposed that surface ReOx species on ZSM-5 are present as 
monomeric ReO4 on a single Brønsted acid site and dimeric Re2O6
2+
 species on two 
adjacent Al Brønsted acid sites, but direct supporting molecular structural information of 
the dimeric species was not provided. The absence of bridging Re-O-Re Raman 
vibrations of dimeric Re2O6
2+
 species at 456 (vs) and 185 (δ) cm
-1
 and the absence of Re-
O-Re coordination in their in situ EXAFS do not support the presence of the surface 
dimer Re2O7 structure. Furthermore, all rhenia oligomers are also volatile
18
, thus, the 
Re2O7 dimer is not stable on the ZSM-5 support. Finally, it was previously indicated that 
the probability of finding a high concentration of two adjacent Al Brønsted acid sites is 
low according to Lowenstein’s rule.35 All studies containing direct molecular structural 
data clearly indicate that the surface ReOx species are isolated on the ZSM-5 support and 
possess trioxo (O=)3ReO structure.  
1.3. Catalytic active sites for methane dehydroaromatization 
(DHA) 
The catalytic activities of the supported MOx/ZSM-5 for methane dehydroaromatization 
(DHA) were investigated by Lunsford et al.
 10
 and Iglesia et al.
16,27,31,29
 The catalytic 
activities decrease in an order of Mo > W > V > Cr.
10
 Iglesia et al.
18
 reported that the 
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supported Re2O7/ZSM-5 catalysts are also active for selective conversion of methane to 
benzene. The benzene formation rate decreases in an order of Re > Mo > W>>V.
10,18
 The 
volatility of ReOx species, however, precludes practical Re-containing catalysts. The 
most promising catalyst for methane DHA is supported MoO3/ZSM-5 due to its near 
equilibrium conversion and high selectivity towards benzene. Consequently, there are 
more studies exploring the catalytic active sites for methane DHA by supported 
MoO3/ZSM-5, less on supported WO3/ZSM-5 and Re2O7/ZSM-5, and fewer on supported 
V2O5/ZSM-5 and CrO3/ZSM-5. 
The nature of the catalytic active sites of the transition metal ion sites is still under 
debates despite extensive studies. It is generally accepted that the supported MoO3/ZSM-
5 are bifunctional catalysts
33,64
. The presence of both transition metal ion sites and the 
Brønsted acid sites of the ZSM-5 are required
33
. The transition metal ion sites are 
responsible for the activation of methane and formation of C2+ species. The Brønsted 
acid sites of the ZSM-5 are responsible for the dimerization or oligomerization of C2+ 
species to aromatics by its unique shape selectivity which are not available for non-
zeolitic supported metal oxide catalysts
33
. 
1.3.1. Supported V2O5/ZSM-5 and CrO3/ZSM-5 
There are very limited studies on the active components of supported V2O5/ZSM-5 and 
CrO3/ZSM-5 for methane DHA possibly due to their low catalytic activity. Ex situ XPS 
studies
10
 investigated the oxidation states of V2O5/ZSM-5 and CrO3/ZSM-5 catalysts 
before and after reaction with methane on stream at 750 
o
C for 3-4 hours. The presence of 
reduced metal phase Cr
3+
 and V
3+
 on the spent CrO3/ZSM-5 and V2O5/ZSM-5 catalysts at 
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benzene initiation suggested that reduced Cr
3+
 and V
3+
 species are the active components 
for methane DHA. The local geometry and coordination number of these proposed active 
components, however, are still unclear. Lacheen et al.
31
 assumed the same metal carbide 
species VCx as the active component for methane DHA analogous to the MoCx and WCx 
species on supported MoO3/ZSM-5 and WO3/ZSM-5, respectively. This conclusion, 
however, is based on postulation and requires further direct experimental support. 
1.3.2. Supported MoO3/ZSM-5 
Many ex situ XPS
10
 and ex situ
65,66
 XANES/EXAFS studies were employed to investigate 
the molecular structure of a spent MoO3/ZSM-5 after methane DHA. Crystalline and 
amorphous molybdenum carbide and molybdenum oxycarbide species were reported as 
the catalytic active sites for methane DHA. However, amorphous molybdenum carbide 
species are not stable upon exposure to air which is highly likely to happen in ex situ 
characterizations. Therefore, ex situ studies cannot well represent the catalytic active sites 
of a working catalyst.  
Limited in situ
26,67,68
 XANES/EXAFS studies have focused on elucidating the active 
components of the supported MoO3/ZSM-5 for CH4 DHA. Poorly ordered MoCy and 
possible MoOxCy species with approximate pore size of ZSM-5 host (~0.6 nm) were 
identified as the active phases of supported MoO3/ZSM-5 for methane DHA.  
Theoretical DFT calculations have also been applied to investigate the active 
components for methane activation, but the reported DFT models are not based on 
realistic molecular structures (e.g.: mononuclear MoO2
2+
,
60
 dinuclear Mo2O5
2+
,
61
 
polynuclear Mo3O9,
69
 dimeric molybdenum oxycarbide Mo2OxCy,
70
 and mononuclear 
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and dinuclear molybdenum carbene models.
71
 Only recently, supported Mo2C species 
with different domain sizes on ZSM-5 models were reported
72
. From this DFT study, the 
dimeric Mo2Cx and Mo4Cx carbide species is more stable on double Al-Al site and 
external Si-site
72
. 
1.3.3. Supported WO3/ZSM-5 
The active components of supported WO3/ZSM-5 for methane DHA remain controversial 
despite both ex situ XPS
10, 25
 and in situ XANES/EXAFS
16
 studies. Ex situ XPS
10
 
observed a majority of W
6+
 species and a small amount of W
4+
 species on a spent 
WO3/ZSM-5 prepared via impregnation after reaction with methane for 2-24 hours at 750 
o
C. This study ascribed the low reactivity of the catalyst to the small amount of reduced 
W
4+
 species. In contrast to this conclusion, in situ XANES/EXAFS studies
16
 have 
observed that isolated WOx species on ZSM-5 prepared by solid-state reaction were 
reduced to poorly ordered WCy (~0.6 nm) clusters with methane on stream for 3 hours at 
700 
o
C. It is crucial to conduct in situ XAS in order to elucidate the molecular details of 
the active component of supported WO3/ZSM-5 catalysts during methane DHA.  
1.3.4. Supported Re2O7/ZSM-5 
The active component of supported Re2O7/ZSM-5 for methane DHA has attracted little 
attention in the literature. In situ EXAFS studies
29
 observed that surface ReOx species 
was converted to metallic Re clusters in a size of ~0.6 nm at the initial stage of benzene 
formation. Therefore, the metallic Re cluster is proposed as the active component for 
methane DHA. 
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1.4. Rate-determining-step for methane DHA 
The high-dissociation energy of the C-H bonds (435 kJ/mol) of CH4 makes the activation 
of methane highly endothermic and requires high temperatures to initiate C-H bond 
activation for non-oxidative conversion of methane. Therefore, the C-H bond breaking 
has generally been considered the rate-determining-step for the conversion of methane to 
higher hydrocarbons. Chaudhary et al.
73
 provided a review on non-oxidative activation of 
methane. In this review, isotopic kinetic experiments to determine the rate determining 
step for non-oxidative methane activation based on surface science studies on single 
crystals under ultra-high vacuum were discussed. Ceyer and coworkers
74,75
 observed a 
large kinetic isotopic effect for methane activation with molecular beams for the 
interaction of CH4/CD4 with Ni(111). Beebe and co-workers
76
 observed a large kinetic 
isotope effect for activation of CH4 vs. CD4 on Ni(100), whereas no such effect was 
observed for the Ni(110) surface.  
Several research groups
77,78
 have claimed that the removal of surface hydrogen formed 
in dehydrogenation steps is the rate-determining-step. The removal of surface hydrogen 
will shift the thermodynamic equilibrium towards benzene formation according to the 
methane dehydroaromatization equilibrium as follows: 
2664 96 HHCCH   
The absence of kinetic isotopic measurements for CH4 activation by supported 
MOx/ZSM-5 catalysts has prevented the determination of the rate-determining-step for 
the conversion of methane to liquid aromatics.  
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Summary of methane DHA by supported 
MOx/ZSM-5 catalysts 
There is a lack of general consensus on the anchoring sites, molecular structure and 
active components for methane dehydroaromatization (DHA) by supported MOx/ZSM-5 
catalysts (M=Cr, V, Mo, W and Re). Based on the critical review above, the proposed 
molecular structures of MOx/ZSM-5 catalysts are summarized in Figure 1- 8.  
 
Figure 1- 8 Summary of the proposed anchoring sites, molecular structures of the surface 
metal oxides, and the catalytic active sites during methane DHA reaction in literatures 
Systematic in situ and operando molecular spectroscopic studies of supported 
MOx/ZSM-5 catalysts during methane DHA should provide significant fundamental 
insights about the anchoring sites, molecular structures and catalytic active sites for 
methane DHA. The objectives of the paper are to provide a critical review of the reported 
studies on the anchoring sites, the molecular structure and the catalytic active phase of 
supported MOx/ZSM-5 (M=V, Cr, Mo, W and Re) for methane DHA reactions. 
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Chapter 2.  
Catalyst Synthesis and Experimental 
Techniques 
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Abstract 
In this Chapter, the synthesis procedures of all ZSM-5 based supported transition metal 
oxides catalysts and characterization techniques are described in detail. The supported 
MOx/ZSM-5 catalysts are prepared via an incipient wetness impregnation method. The 
anchoring sites, molecular and electronic structures of dehydrated and fully oxidized 
MOx/ZSM-5 catalysts were characterized via several molecular spectroscopic techniques 
such as in situ FT-IR spectroscopy, in situ UV-vis diffuse reflectance spectroscopy 
(DRS), in situ Raman spectroscopy, temperature-programmed reduction spectroscopy 
(TPR) and in situ X-ray absorption spectroscopy (XAS). The theoretical calculations 
construct catalyst models of dispersed transition metal oxide species anchoring on the 
internal and external surface of ZSM-5 supports. The validity of the catalyst models was 
verified by comparing the calculated vibrational frequencies with the experimental values 
from spectroscopic results. The reactivity of the supported MOx/ZSM-5 catalysts for 
methane dehydroaromatization (DHA) has been investigated via operando Raman-MS 
which allows simultaneous analysis of the surface of the catalyst and the reaction product 
coupling with an online mass spectrometer. The nature of catalytic active phase of 
supported MoO3/ZSM-5 during methane DHA has been investigated by in situ XAS 
during methane DHA reaction. The rate determining step of methane DHA has been 
examined by isotopic CD4/CH4 temperature-programmed surface reaction spectroscopy 
(CD4/CH4-TPSR).Thanks to the collaboration with Dr. Jie Gao and Professor Simon 
Podkolzin at Stevens Institute of Technology for Density Functional Theory (DFT), with 
Professor Anatoly Frenkel at Yeshiva University & Brookhaven National Laboratory for 
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in situ XAS for dehydrated MOx/ZSM-5 catalysts, and with Dr. Jeffrey Miller and Dr. 
James Gallagher at Argonne National Laboratory for in situ XAS during methane DHA 
reaction for supported MoO3/ZSM-5 catalysts. 
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2.1. Catalyst synthesis 
The zeolite-supported transition metal oxides in group V-VII (V, Cr, Mo, W and Re) 
consisting of highly dispersed metal oxides on ZSM-5 were prepared by the incipient-
wetness impregnation method
1,2,3
. The ZSM-5 supports (Si/Al=15-140, Zeolyst 
International), were dried and calcined at 500 
o
C for 2 hours prior to the impregnation. 
The ZSM-5 zeolites varied from high-silica content (Si/Al=140), which contains less than 
one aluminum per unit cell, to high-alumina content (Si/Al=15), which consists of 
approximately six aluminum atoms per unit cell
4
. The details about the ZSM-5 supports 
are provided in Table 2- 1. 
Table 2- 1 Details about the parent ZSM-5 
Nomenclature for 
Zeolite  Support 
Zeolyst Product 
Name 
Si/Al 
mole ratio 
SiO2:Al2O3 
mole ratio 
Surface Area 
(m
2
/g) 
a
 
ZSM-5 (Si/Al=140) CBV28014 140 280 400 
ZSM-5 (Si/Al=40) CBV8014 40 80 425 
ZSM-5 (Si/Al=25) CBV5524G 25 50 425 
ZSM-5 (Si/Al=15) CBV3024E 15 30 400 
a
 Surface area provided by manufacturer. 
The zeolite supports were impregnated with a non-aqueous (toluene) solution of 
vanadium triisopropoxide (VO(CHO(CH3)2)3, Alfa Aesar, 97%) precursor and aqueous 
solutions of corresponding precursors of chromium (III) nitrate (Cr(NO3)39H2O, Alfa 
Aesar, 98.5%), ammonium heptamolybdate ((NH4)6Mo7O244H2O, Aldrich, 99.98%), 
ammonium metatungstate ((NH4)6H2W12O40xH2O, Pfaltz and Bauer, 99.5%), and 
perrhenic acid (HReO4, Alfa Aesar, 75-80%).  The zeolite supports were initially dried 
for 2 hours at 115 
o
C for the non-aqueous preparations prior to surface modification 
inside a glove box (Vacuum Atmospheres, Omni-Lab VAC 101965) under nitrogen 
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environments. After the impregnation, the vanadium samples were allowed to dry 
overnight under the nitrogen atmosphere. The vanadium samples were then calcined at 
110 
o
C and held for 1 hour under flowing N2 (Airgas, Ultra High Purity) in a 
programmable furnace (Thermolyne, Model 48000), and subsequently followed by 1 
o
C/min ramp under flowing air (Airgas, Zero grade) to 450 
o
C and held for 2 hours.  The 
aqueous prepared catalysts were calcined under flowing air (Airgas, Zero grade) at 1 
o
C/min for 2 hours to 400 
o
C for the Re2O7/ZSM-5 catalysts, 450 
o
C for the MoO3/ZSM-5 
catalysts, and 500 
o
C for the CrO3/ZSM-5 and WO3/ZSM-5 catalyst systems. Thermal 
treatments were always performed below 550
o
C to avoid ZSM-5 dealumination that is 
known to initiate at 600
o
C
5
. All the catalysts were synthesized with between 1 to 5 % 
metal oxides on the zeolites, henceforth, identified as MOx/ZSM-5 (Si/Al=X), in which 
X represents the Si/Al molar ratio of zeolite supports. 
2.2. In situ FT-IR spectroscopy 
The surface hydroxyl groups of dehydrated MOx/ZSM-5 catalysts were discriminated by 
in situ FT-IR spectroscopy. Transition metal oxides anchor at ZSM-5 via either ion 
exchange with Br nsted acid sites of ZSM-5 or via dehydration with Si-OH and Al-OH 
hydroxyls at external surfaces of ZSM-5
6,5
. The parent HZSM-5 (Si/Al=15) has four 
characteristic surface hydroxyl IR absorptions:(1) Brønsted acid Al-(OH)
+
-Si site in 
which alumina is coordinated as an AlO4 unit (3610 cm
-1
) ;  (2) terminal Si-OH (3741 
cm
-1
); (3) extra-framework Al-OH with AlO6 coordination (3660 cm
-1
; Al-OH-I) and (4) 
extra-framework Al-OH-II of Al2O3 nanoclusters (3783 cm
-1
; Al-OH II)
7,8
. The 
integrated IR bands of the four surface hydroxyls are compared against the MOx loading 
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in order to determine the interaction of the MOx species with the different surface 
hydroxyl anchoring sites on the ZSM-5 support. 
The In situ FTIR can also provide structural information of supported transition metal 
oxides catalysts which possess terminal M=O bonds with characteristic stretch mode at 
800-1000 cm
-1
. Unfortunately, the parent ZSM-5 has strong IR absorbance in the same IR 
range and the stretch mode of terminal M=O bonds are generally weak; therefore, in situ 
FTIR fails to provide structural information of the supported transition metal oxides on 
ZSM-5.  
The in situ IR measurements were performed with a Thermo Scientific Nicolet 8700 
Research FTIR spectrometer equipped with a liquid nitrogen cooled mercury-cadmium-
telluride (MCT detector), a Harrick Praying Mantis accessory (model DRA-2), and a 
Harrick reaction chamber HT-100. The supported MOx/ZSM-5 catalysts (~20-35 mg) 
were initially dehydrated in the Harrick cell under 30 sccm 10 mol% O2/Ar (Airgas, Inc., 
10.00% Certified Mixture) at 500 
o
C for 120 mins and then cooled to 110 
o
C in 30 
sccm10 % O2/Ar (Airgas, Inc., 10.00% Certified Mixture) for collection of the in situ IR 
spectra of the dehydrated catalysts. The IR spectra were recorded with a resolution of 4 
cm
-1
 using 72 signal averaged scans. The intensities of the IR spectra were normalized 
related to the Si-O-Si overtone bands between 1730 and 2100 cm
-1
. 
2.3. In situ UV-vis Diffuse Reflectance Spectroscopy (DRS) 
In situ UV-vis DRS examines the electronic structures of surface metal oxide species. It 
can discriminate surface metal oxide species with different domain sizes (isolated 
monomers, dimers, polymeric chains, and three-dimensional crystalline structures)
9
. It 
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measures the ligand-to-metal charge transfer (LMCT) absorption bands of surface metal 
oxide species, which reflect the energy gap between HOMO and LUMO known as the 
band gap or edge energy (Eg)
9,10
. The Kubelka-Monk function, F(R∞), was extracted 
from the UV-vis DRS absorbance, and the edge energy (Eg) for allowed transitions was 
determined by finding the intercept of the straight line from the low-energy rise of the 
(F(R∞)hv)1/n, in which n=0.5 for the direct allowed transition ion, versus hv, the incident 
photon energy.
11
 
The in situ UV-vis measurements were obtained with a Varian Cary 5E UV-Vis-NIR 
spectrophotometer employing the integration sphere diffuse reflectance attachment 
(Harrick Praying Mantis Attachment, DRA-2). The catalyst samples were loaded as loose 
powder (~20 mg) into an in situ cell (Harrick, HVC-DR2) and the UV-vis spectra were 
collected from 200-800 nm. The reflectance of the SiO2 support was used as the baseline 
standard. The catalyst temperature was accurately controlled by a temperature program 
controller (Harrick Scientific, Watlow Series 965 controller) and a thermocouple placed 
in the catalyst powder. The catalyst samples were calcined and dehydrated at 400 
o
C for 1 
hour under 30 sccm 10% O2/He (Airgas, certified, 9.735% O2/He balance). The in situ 
UV-vis spectra were then collected at 400 
o
C and also at room temperature after 
dehydration.  
2.4. In situ Raman spectroscopy 
The molecular characterization of the supported metal oxide catalysts were established by 
combined in situ Raman spectroscopies, providing structural information. Raman 
spectroscopy is used to determine the number of terminal M=O bonds present in surface 
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metal oxide structures
12
. Raman spectroscopy features molecular vibrations of supported 
metal oxide species on ZSM-5 because the parent ZSM-5 does not have any Raman 
vibration in the vibration range of terminal M=O bonds of transition metal oxides
4,13,14
. 
The terminal transition metal oxide species present as mono-oxo (O=M), dioxo [(O=)2M] 
and trioxo [(O=)3M] functionalities
12
. These terminal M=O functionalities have Raman 
stretch modes in Raman spectra at 940-1040 cm
-1
.
12,15
 Mono-oxo gives rise to symmetric 
(νs) stretch mode and both dioxo and trioxo functionalities exhibit symmetric (νs) and 
asymmetric (νas) stretch modes
15
.  
The Raman spectroscopy is also useful for determining the dispersive nature of the 
metal oxide species on the ZSM-5 support
12
. The characteristic Raman signals of well-
dispersed supported metal oxides are different from the Raman signals of crystalline 
phase from the formation of nanoparticles or bulk metal oxide structure. 
The in situ/operando Raman spectra of the zeolite-supported metal oxide catalysts 
were obtained with a high resolution, dispersive Raman spectrometer system (Horiba-
Jobin Yvon LabRam HR) equipped with three laser excitations (532, 442 and 325 nm). 
The sample power of the visible lasers used in the present study at 532 nm (green) and 
442 nm (violet) were 10 and 28 mW, respectively, and the sample of the UV laser at 325 
nm (not visible) was ~7 mW. The lasers were focused on the samples with a confocal 
microscope equipped with a 50X long working distance objective (Olympus BX-30-
LWD) for the visible lasers and 15X objective (OFR LMU-15X-NUV) for the UV laser. 
The LabRam HR spectrometer was optimized for the best spectral resolution by 
employing a 900 groves/mm grating (Horiba-JobinYvon 51093140HR) for the visible 
lasers and a 2400 grooves/mm grating (Horiba-JobinYvon 53011140HR) for the UV 
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laser. The spectral resolution for both gratings is ~2 cm
-1
. The calibration of each laser 
line was independently measured by an Hg lamp for the zero position and linearity of the 
gratings. The wavenumber calibration of the Raman spectrograph was checked using the 
silicon line at 520.7 cm
-1
.  The Rayleigh scattered light was rejected with holographic 
notch filters (Kaiser Super Notch) containing window cutoffs of ~100 cm
-1
 for the visible 
lasers and ~300 cm
-1
 for the UV laser. The Raman system was equipped with a UV-
sensitive liquid-N2 cooled CCD detector (Horiba-JobinYvon CCD-3000V).  The catalyst 
samples, typically consisting between 5-10 mg of loose powder, were placed in a high 
temperature flow cell reactor (Linkam CCR1000) which contained a quartz window and 
o-ring seals that were cooled by flowing water. The sample temperature was controlled 
by a temperature controller (Linkam LinkPad). Typical reactor cell conditions were 400-
500 
o
C, 10 
o
C/min heating and cooling rates, atmospheric pressure, and ~30 sccm gas 
flow rates metered by mass flow controllers (Brooks, Model 5850E series).  
2.4.1. In situ Raman spectra of dehydrated supported MOx/ZSM-5 
catalysts (M=V, Cr, Mo, Re and W) under oxidizing environment 
The protocol for obtaining in situ Raman spectra under the oxidizing environment is as 
follows: the samples were initially dehydrated in the in situ cell at 400-500 
o
C and held 
for 30 minutes under flowing 10% O2/Ar (Airgas, certified, 10.00% O2/Ar balance). 
Samples exhibiting fluorescence were first pretreated in a separate programmable furnace 
(Thermolyne, Model 48000) at 500 
o
C for 2 hours under dry air. The Raman spectra were 
collected at a scanning rate of 20 seconds per scan and a total amount of 20 scans with a 
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200 micron size hole at which only laser angles parallel to the incident beam were 
acquired from the light scattered by the catalyst sample.  
Each dehydrated supported MOx/ZSM-5 catalyst was examined with in situ Raman 
spectroscopy with visible and/or UV laser excitation to obtain the best resolution. Use of 
multiple laser excitations avoided sample fluorescence that sometimes plagued earlier 
Raman spectroscopic measurements and also provides the potential for resonance 
enhancement of weak Raman bands that may have been undetected in earlier studies.
16,17, 
18 
2.4.2. Operando Raman-MS spectra of dehydrated supported 
MOx/ZSM-5 catalysts (M=V, Cr, Mo, Re and W) during CH4 DHA 
Operando Raman-MS spectroscopy provides Raman measurements under reaction 
conditions with simultaneous analysis of gaseous reactants and products via an online 
mass spectrometer (Varian, 1200L quadrupole). All supported MOx/ZSM-5 catalysts 
were subjected to oxidation treatment prior to CH4 reaction. A typical temperature-
programmed operando Raman-MS experimental procedure involves the following steps: 
the sample (20-35 mg) was pretreated in an in situ Linkam cell reactor (9754 CCR-B) 
with 10% O2/Ar (Airgas, certified, 10.00% O2/Ar balance) at a flow rate of 30 sccm at 
500 
o
C for 60-90 mins, and then the cell was flushed with UHP Ar (Airgas, Inc., ultrahigh 
purity) at the same temperature for 30 mins. After Ar flushing, a 1.5% CH4/He gas 
mixture (Airgas, Inc., high purity) was introduced into the reaction cell at 30 sccm. The 
temperature was increased at a ramp rate of 1 
o
C/min up to 800 
o
C for VOx-, CrOx-, 
MoOx- and ReOx-ZSM5 catalysts and to 900 
o
C for WO3/ZSM5 catalyst. Raman spectra 
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were acquired at a scanning rate of 30 sec/scan with a total amount of 10 scans with a 200 
micron size hole. The gaseous products from the reactor cell were analyzed with the 
online mass spectrometer every 0.5 seconds. The mass/charge ratios of m/z=16 (CH4), 
m/z=18 (H2O), m/z=27 (C2H3
+
), m/z=28 (CO), m/z=44 (CO2) and m/z=78 (C6H6) were 
used to monitor the major gaseous components. This MS did not have the ability to detect 
H2 and the line connecting the reactor cell and the MS was not heated resulting in H2O 
not being detected due to its condensation on the line wall. Mass channels with m/z 
values from 10--200 were also collected to double check the fragmentation patterns of 
these primary molecules. 
2.5. In situ X-ray Absorption spectroscopy 
X-ray absorption spectroscopy (XAS) is the measurement of transitions from core 
electronic states of the metal to the excited electronic states (LUMO) and the continuum
1
. 
The former is known as the X-ray absorption near-edge structure (XANES) and the latter 
as extended X-ray absorption fine structure (EXAFS). The EXAFS is caused by the 
modulation of the x-ray intensity due to backscattering by a small fraction of the 
backscattered photoelectron wave
1,19
. This interference effect caused by single-scattering 
electrons with short mean-free paths provides information about the short-range atomic 
order (coordination number and bond distances)
 1,19
. A typical XAS spectrum (shown in 
Figure 2- 1) is used for illustration: the XANES is the region of a XAS spectrum within 
~50 eV of the absorption edge, and EXAFS is the region of a XAS spectrum from 50 to 
1500 eV above the absorption edge
1,19
. The XANES spectra provide information such as 
the electronic structure and local symmetry of the metal site, and the EXAFS spectra 
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provide interatomic distances to ligands and neighboring atoms from the absorbing 
element. The experiment requires synchrotron radiation sources, which provide intense 
and tunable X-ray beams. Samples can be in the gas-phase, solution or condensed mater. 
In situ XAS is the measurement of the sample under reaction conditions with the aid of in 
situ reactors. 
 
Figure 2- 1 Scheme of data regions for a XAS spectrum
19
 
2.5.1. In situ XAS of dehydrated supported MOx/ZSM-5 catalysts 
(M=V, Cr, Mo, Re and W) in O2 environment 
The X-ray absorption spectroscopy (XAS) of V K-edge, Cr K-edge, Mo K-edge, Re L1-
edge and W L1-edge of dehydrated supported MOx/ZSM-5 catalysts was performed in 
both transmission and fluorescence mode at the beam line X18A at the National 
Synchrotron Light Source (NSLS) at the Brookhaven National Laboratory, using 
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ionization chamber detectors for measuring incident and transmitted beam intensities, 
using a Passivated Implanted Planar Silicon (PIPS) detector (Canberra Industries) to 
measure fluorescent beam intensity. In addition, a fourth ionization chamber was used to 
detect the beam through a reference metal foil (V, Cr, Mo, Re and W foil was used 
respectively), for energy calibration and alignment purposes. A Nasner-Alder reactor 
with Inconel (stainless steel) sample holder was used for in situ measurements. Typically, 
the powder catalysts (~100 mg) were pressed into pellets with a diameter of 10 mm. The 
sample was subjected to dehydration and oxidation under 25 sccm of 20% O2/He (Airgas, 
Inc., certified, 20.00% O2/He balance) at 500 
o
C for 30 mins and cooled to 110 
o
C in 
UHP He (Airgas, Inc., ultra high purity) for the full XAS scan. 
H3PMo12O40.xH2O/H3PW12O40.xH2O powder was mixed with boron nitride (BN) in order 
to dilute the Mo/W concentration to ca. 5 wt % Mo/W in BN. Roughly 100 mg of the 
mixture was pressed into a pellet with a diameter of 10 mm. The pellet was dehydrated at 
150 
o
C for 30 mins in 20% O2/He (25 sccm, Airgas, Inc., certified, 20.00% O2/He 
balance) and then cooled to 110 
o
C in UHP He (Airgas, Inc., ultra high purity) for the full 
XAS scan in fluorescence mode. Reference compounds with well-defined crystalline 
structures such as Na3VO4, Mg2V2O7, (NH4)2CrO4, (NH4)2Cr2O7, MoO3, WO3, 
Al2(WO4)3 Re2O7 and (C6H5)3SiReO3 require no dehydration and were measured at 
ambient conditions. Reference compounds were ground into fine powder and brushed 
onto scotch tape for sample preparation. These reference compounds were measured in 
transmission mode using ionization chamber detectors for measuring incident and 
transmitted beam intensities. Data processing and analysis were performed using Athena 
software. 
20
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2.5.2. In situ XAS spectra of supported MoO3/ZSM-5 catalysts during 
CH4 DHA 
In situ X-ray absorption spectroscopy measurements during CH4 DHA reaction which 
requires a high temperature reactor (up to 700 
o
C) were acquired on the bending magnet 
beam line of the Materials Research Collaborative Access Team (MRCAT) at the 
Advanced Photon Source, Argonne National Laboratory. The data were collected in the 
transmission step scan mode. Photon energies were selected using a water-cooled, 
double-crystal Si(111) monochromator, which was detuned by approximately 50% to 
reduce harmonic reflections. The ionization chambers were optimized for the maximum 
current with linear response (~10
10
 photons detected/sec) with 10% absorption in the 
incident ion chamber and 70% absorption in the transmission X-ray detector. A Mo foil 
spectrum was acquired simultaneously with each sample measurement for energy 
calibration. Samples containing about 1.0-1.5 mg Mo ions were sufficient to achieve a 
significant signal in the XAS experiments. The following reference materials were used: 
(1) bulk Mo2C synthesized in the X-ray absorption chamber from MoO2 (99%m Sigma-
Alrich) powder under flowing 20% CH4/H2 gas mixture at 650 
o
C for 2hrs following the 
procedure in reference 
21
, and (2) supported 5% MoO3/SiO2 catalyst which primarily 
consists of isolated surface dioxo (O=)2Mo(O-Si)2 sites (see preparation and 
characterization in reference 12). 
2.6. Density Functional Theory (DFT) calculations 
Gradient-corrected periodic density functional theory (DFT) calculations were performed 
with the DMol
3
 code in Materials Studio 4.0 program by Accelrys Software, Inc by Dr. 
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Gao and Professor Podkolzin at Steven Institute of Technology. The calculations used the 
DNP basis set and the GGA RPBE functional. Tightly bound core electrons were 
represented with semicore pseudopotentials. Reciprocal-space integration over the 
Brillouin zone was approximated through Γ-point sampling (1×1×1 Monkhorst-Pack 
grid). The density mixing fraction of 0.2 with Direct Inversion in the Iterative Subspace 
(DIIS) and orbital occupancy with smearing of 0.005 Ha were used. The orbital cut-off 
distance was set at 0.44 nm for all atoms.  
The ZSM-5 structure was modeled with a 64 tetrahedral (T) cluster (64 Si and 128 O 
atoms). The cluster was generated from the full MFI unit cell (96 Si and 192 O atoms) 
with the experimental lattice constants of a=2.0022, b=1.9899, and c=1.3383 nm. The 
dangling bonds of the boundary O atoms in the cluster were saturated by H atoms. In 
order to minimize cluster boundary effects and better simulate the overall zeolite 
structure, the coordinates of these terminal OH groups were constrained. The terminal O 
atoms were constrained at their original positions in the MFI unit cell. The terminal H 
atoms were constrained at the positions obtained with the following two-step procedure. 
First, the bonding Si atoms from the part of the zeolite framework that was cut out from 
the cluster were changed into H atoms. Second, the distance between the bonding O 
atoms in the cluster and the terminal H atoms was adjusted to 0.095 nm. Except for the 
terminal OH groups, all other cluster atoms were optimized with Mo oxide species. 
Frequency calculations were performed with a partial Hessian for MoOx species. 
Calculated frequencies were adjusted with a factor of 1.01. 
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2.7. Temperature Programmed Techniques 
Temperature-programmed techniques are consisted of a range of techniques for studying 
surface reactions and molecular adsorption on surfaces which utilize temperature-
programming to discriminate between processes with different activation parameters. Of 
there, three useful techniques are used in this study: the temperature-programmed 
reduction (TPR) which monitors the consumption of hydrogen by a Thermal 
Conductivity Detector (TCD) due to the reduction of surface metal oxide species of fully 
oxidized MOx/ZSM-5 catalysts, the temperature-programmed oxidation (TPO) which 
monitors the evolution of carbon dioxide and water from the combustion of coke species 
deposited on CH4-reacted MOx/ZSM-5 catalysts by a qaudrupole mass spectrometer 
(QMS), and the temperature programmed surface reaction (TPSR) which monitors the 
evolution of gas products from methane DHA on MOx/ZSM-5 catalysts. All three 
techniques involve heating of the sample in a controlled manner (preferably so as to give 
a linear temperature ramp) and monitoring the evolution of gaseous species from the 
surface of the sample by a quadrupole mass spectrometer (QMS) or Thermal 
Conductivity Detector (TCD), and the whole process is carried out with the aid of 
computer program which allows simultaneous analyses of 16 different mass channels. 
The data obtained from such an experiment consists of the intensity variation of each 
recorded mass fragment as a function of time or temperature. The TPR/TPO/TPSR 
profiles provide important information
22
: (1) the area under a peak is proportional to the 
amount of gas generated from surface reaction, (2) the kinetics of the surface reaction 
gives information of the state of evolved species, (3) the position of the peak (the peak 
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temperature) is related to the enthalpy of formation of the products, i.e. the activation 
energy of the reaction. 
2.7.1. TPR experiments 
The TPR experiments were performed on an Altamira temperature programmed system 
(AMI-200) monitored by an online thermal conductivity detector (TCD). Supported 
MoOx/ZSM-5 catalysts (30-35 mg) were loaded into a U-shaped quartz tube finished 
with quartz wool as bedding. The catalysts were oxidized and dehydrated at 500 
o
C in 
10% O2/Ar(30 sccm, Airgas, Inc. balanced with Ar), and then were flushed with UHP Ar 
at 110 
o
C for 30 mins  the dehydrated catalysts were subjected to H2-TPR using 5% 
H2/Ar(30 sccm, Airgas, Inc. balanced with Ar) from 110 
o
C to 800 °C with a heating rate 
of 10 °C/min.  
2.7.2. TPSR experiments 
The CD4/CH4-TPSR experiments were conducted on the Altamira AMI-200 equipped 
with an online Dycor DM100 mass spectrometer. Typically, 30-35 mg of the supported 
MoOx/ZSM-5 catalyst was loaded in a U-type quartz tube using quartz wool as bedding. 
The catalyst was initially oxidized in 30 sccm 10% O2/Ar (Airgas, Inc., 10.00% Certified 
Mixture) at 500 
o
C and held for 120 mins to obtain a fully dehydrated and oxidized 
supported MoOx/ZSM-5 catalyst. Subsequently, the fully oxidized catalyst was purged 
by Ar (Airgas, Inc., ultrahigh purity) at 500 
o
C for 30 mins to remove all gaseous 
molecular O2. Finally, the sample was exposed to 30 sccm 5% CD4 (Matheson, methane-
d4, >99%) or CH4 (Airgas, Inc., 99.999%) balanced with Ar (Airgas, Inc., ultrahigh purity) 
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at 500 
o
C and the temperature was ramped to 800 
o
C with a heating rate of 1 
o
C/min. For 
CH4-TPSR, the following mass/charge ratios were monitored: m/z=2 (H2), m/z=15 
(CH3
+
), m/z=16 (CH4), m/z=18 (H2O), m/z=27 (C2H3
+
), m/z=28 (CO), m/z=29 (C2H5
+
), 
m/z=30 (C2H6), m/z=44 (CO2), m/z=77 (C6H5
+
) and m/z=78 (C6H6). For CD4-TPSR, the 
following mass/charge ratios were monitored: m/z=4 (D2), m/z=18 (CD3
+
), m/z=20 (CD4), 
m/z=28 (CO), m/z=32 (C2D4), m/z=34 (C2D5
+
), m/z=36 (C2D6), m/z=44 (CO2), m/z=82 
(C6D5
+
) and m/z=84 (C6H6). The analysis of fragmentations is to avoid overlapping 
signals with gas species of the same m/z value. 
2.7.3. TPO experiments  
The TPO experiments were conducted on Altamira AMI-200 equipped with a Dycor 
DM100 Mass spectrometer. Typically, 30-35 mg of supported MoO3/ZSM-5 catalysts 
was loaded in a U-type quartz tube using quartz wool as bedding. Firstly, the sample was 
oxidized in 30 sccm 10% O2/Ar (Airgas, Inc., 10.00% Certified Mixture) at 500 
o
C and 
was hold for 120 mins to obtain a fully dehydrated and oxidized MoO3/ZSM-5 catalyst, 
and was purged by Ar (Airgas, Inc., ultrahigh purity) at 500 
o
C for 30 mins to remove any 
gaseous oxygen. Secondly, the sample was allowed to expose to 30 sccm 1.5 mol% 
CH4/He(Airgas, Inc., He balanced) at 500 
o
C and the temperature of the quartz reactor 
was allowed to ramp up to 800
o
Cwith a heat rate of 10
o
C/min and cool down to 110 
o
C in 
UHP Ar. Finally, the methane-reacted catalyst was allowed to exposed to 10% 
O2/Ar(Airgas, Inc., 10.00% Certified Mixture) and the temperature was increased from 
110
o
C to 800 
o
C at a heating rate of 10
o
C/min. Mass/charge ratios of m/z=18 (H2O), 
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m/z=28 (CO) and m/z=44(CO2) corresponding to the gas products evolved from 
oxidation of the coke species were monitored, but CO was not evolved. 
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Chapter 3.  
Surface MoOx molecular structures and 
anchoring sites for supported MoO3/ZSM-5 
catalysts 
 52 
 
Abstract 
The anchoring sites, electronic and molecular structures of surface MoOx species for 
supported MoO3/ZSM-5 catalysts are systematically investigated via in situ FTIR, in situ 
UV-Vis Diffuse Reflectance Spectroscopy (DRS), in situ Raman DRS and in situ X-ray 
absorption spectroscopy (XAS) which include X-ray absorption near edge spectroscopy 
(XANES) and extended X-ray absorption fine structure (EXAFS). The in situ FTIR 
results suggested that surface MoOx species prefer to anchor at Brønsted acid sites (Al-
(OH)
+
-Si) but also at external Si-OH and extra framework Al-OH sites at high Mo 
loading or low framework Al content of ZSM-5. Combined in situ UV-Vis DRS, in situ 
Raman and in situ XAS results, the surface MoOx species are essentially isolated and 
fully oxidized species. The absence of any d-d transition in the in situ UV-Vis spectra, 
the absence of crystalline MoO3 or Mo-O-Mo vibration in the in situ Raman spectra, and 
the sharp pre-edge characteristic of tetrahedral coordination and the absence of Mo-Mo 
absorption in the in situ EXAFS spectra confirmed that surface MoOx species are 
predominate isolated dioxo (O=)2MoO2 species with tetrahedral coordination. Only a 
small amount of polymeric (MoOx)n species are present on catalysts with high Si content 
(Si/Al=140) as evident by the presence of weak Mo-Mo absorption in the in situ EXAFS 
spectra. 
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Introduction 
The molecular and electronic structures of highly dispersed MoO3/ZSM-5 have received 
significant attention in recent years since supported MoO3/ZSM-5 is the most promising 
catalyst for non-oxidative conversion of methane to aromatics due to its near equilibrium 
conversion (ca. 12% at 700 
o
C)
1, 2
. Despite extensive studies of this catalyst system in the 
past decades, the anchoring sites, the electronic and molecular structure of surface MoOx 
species in the supported Mo/ZSM-5 catalyst has been under debate in the literature. The 
literature findings about the anchoring sites and molecular structures for supported 
MoO3/ZSM-5 catalysts are summarized in Table 3- 1.  
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Table 3- 1 Literature review on supported MoO3/ZSM-5 for methane dehydroaromatization 
Nature of 
MoOx 
Active 
Phase 
Characterization 
Technique 
Mo Location Group 
Dispersed 
MoO4/MoO6 
Mo2C 
ambient UV-vis, IR 
and XPS 
zeolite channels Chen
2,22
(1995,1996) 
Dispersed 
MoOx 
Mo2C, Mo
4+ 
and Mo
5+
 
ex situ XPS, 
in situ IR 
Predominantly 
external surface 
Lunsford
3, 23
 (1997, 
1998) 
Mo2C 
Mo(
4+
)OxCy 
ambient XPS not discussed Solymosi 
24
(1997) 
ex situ XAS not discussed 
Ichikawa
25
 (1999) 
Aritani
26,27
 (1996, 
2006) 
(MoOx)n 
cluster 
isolated MoOx 
Mo2C and 
Mo
5+
 
ex situ IR, 
in situ EPR 
(MoOx)n extr. Surface 
isolated MoOx inside 
channel 
Mo2C extr. surface 
Xu
4, 28
 (1999, 2000) 
Isolated Mo=O 
Dimeric 
Mo2O5 
MoCy in situ Raman/XAS 
isolated ext. surface 
Dimer in channels 
Iglesia
5
 (2000) 
Isolated 
Mo=O 
Dimeric 
Mo2O5 
- - - in situ UV Raman not discussed Ribeiro
7
 (2001) 
(MoOx)n 
Cluster 
β-Mo2C ex situ HR-TEM 
(MoOx)n cluster inside 
Mo2C extr. surface 
Ismagilov
9
 (2006) 
 
The ambient and ex situ characterizations are not representative of the actual dehydrated 
catalyst; therefore, only in situ characterizations are discussed in details below.  
There is a general consensus from several in situ FTIR studies that surface MoOx 
species anchor on both framework Al-(OH)
+
-Si and external Si-OH of the ZSM-5 support. 
Lunsford et al.
3
 investigated 2 wt% Mo/ZSM-5 catalyst by in situ FTIR technique and 
observed a greater consumption of terminal Si-OH hydroxyls than Brøntsed acid 
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hydroxyl groups associated with framework Al sites with the introduction of Mo species 
to ZSM-5, but calcination at elevated temperature leads to MoOx species migrated from 
the external surface Si-OH sites and extra-framework Al-OH hydroxyls to framework Al-
(OH)
+
-Si sites for 2% MoO3/ZSM-5. Xu et al.
4
 reported that MoOx species preferably 
anchor at Brønsted acid sites over external silanol hydroxyls for 6% MoOx/ZSM-5 with 
in situ IR in which study the dehydration was performed in vacuum. Iglesia et al.
5
 
assumed that surface Mo2O5 dimers anchor at two adjacent Al-(OH)
+
-Al Brønsted acid 
sites, but no direct supporting information was provided. The probability of finding a 
high concentration of two adjacent Al framework Brønsted acid sites, however, is low 
according to Lowenstein’s rule6 and not enough of such paired sites are present for 
anchoring high loadings of MoOx on ZSM-5 
The surface molybdenum oxides on ZSM-5 were proposed as well-dispersed MoO4/ 
MoO6
2
 and dimeric Mo2Ox
5,7
 via in situ UV Raman and in situ XAS. Two independent in 
situ Raman studies
5,7
 claimed the presence of dimeric Mo2Ox species on supported 
MoO3/ZSM-5 catalysts. Upon close examination, however, the reported Raman band 
positions of proposed dimeric Mo2Ox structures do not match. Ribeiro et al.
7
 assigned the 
962 cm
-1
 as Mo=O stretch of monomeric O=MoO4 and the 868 cm
-1
 as an Mo-O-Mo 
stretch mode for a dimer while Iglesia et al.
5
 assigned 970 and 1045 cm
-1
 as the Mo=O 
stretch of dimeric Mo2O5 species. The 962 or 970 cm
-1
 is Mo=O stretch of isolated dioxo 
MoOx species, and the 868 cm
-1
 is likely the stretch mode of Mo-O-Si/Al
8
. The 1045 cm
-1
 
is close to the characteristic band of crystalline Al2(MoO4)3 NPs
8
, which reflects the high 
calcination temperature employed in those studies. In reality, however, there are different 
MoOx structures present on the catalyst, and the molar ratio of atoms of the catalyst 
 56 
should not be fit to one structure. Recently, Ismagilov et al.
9
 observed the presence of 
(MoOx)n clusters of 1-5 nm in size in 2wt % Mo/ZSM-5 catalyst prepared by wet-
impregnation with ex situ HR-TEM.  
Theoretical studies on the molecular structure of Mo species have been pursued by a 
few researchers recently. Bao et al.
10
 investigated the structure of Mo/ZSM-5 catalyst via 
Density Functional Theory (DFT) calculations and suggested monomeric O2Mo(=O)2 
interacted with two neighboring Brønsted acid protons which is against Lowenstein’s 
rule
6
. Therefore, Bao et al.
11
 later adopted the dimeric Mo structure which can overcome 
the long distance between two neighboring Brønsted acid sites in the zeolite support with 
high Si/Al ratio. However, in the later work, the proposed dimeric Mo2O5 species possess 
two terminal triple bonds (Mo≡O) which has not been reported elsewhere. And the 
calculated Raman vibrational frequencies of the dimer structure are not consistent with 
the Raman features from experimental measurements. A recently reported DFT study
12
 
combined with in situ Raman experimental results suggested that isolated MoO4 species 
with two terminal Mo=O bonds are stable on both single framework Al sites and double 
framework Al sites with (-Al-O-Si-O-Al-) unit which is not against Lowenstein’s rule. 
The calculated frequencies of the isolated MoO4 species match with experimental in situ 
Raman results.  
This study is aimed to resolve the debate over the fundamentals of the MoO3/ZSM-5 
catalyst for the conversion of methane to aromatics. The supported MoO3/ZSM-5 
catalysts with different Mo loadings and ZSM-5 with different Si/Al molar ratios are 
systematically investigated. The anchoring sites, electronic and molecular structures of 
the supported MoO3/ZSM-5 were investigated via in situ spectroscopy and theoretical 
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calculation. In situ FT-IR spectroscopy reveals the anchoring sites of the zeolite host for 
surface MoOx species. In situ UV-vis Diffuse Reflectance Spectroscopy (DRS) provides 
information about the electronic structures of surface MoOx species (e.g.: monomer, 
dimer, polymer, chain, cluster or 3D crystalline structure). Combined in situ Raman DRS 
and in situ extended X-ray fine structure/ X-ray near edge energy spectroscopy 
(EXAFS/XANES) resolve the molecular structures such as the molecular vibrations, the 
local geometry of dominate species and interatomic distances. Based on the molecular 
information from spectroscopies, Density Functional Theory (DFT) is applied to 
construct the molecular structures of MoOx species on zeolite. The calculated vibrational 
frequencies are then compared with experimental values obtained from in situ 
spectroscopy. 
3.1. Experimental methods 
3.1.1. In situ FTIR spectroscopy 
The in situ FTIR measurements were performed with a Thermo Scientific Nicolet 8700 
spectrometer. More details about equipment can be found in Chapter 2, section 2.2.   
3.1.2. In situ UV-vis spectroscopy 
The in situ UV-vis Diffuse Reflection Spectroscopy (DRS) measurements were obtained 
with a Varian Cary 5E UV-Vis-NIR spectrophotometer, and more details are in Chapter 2, 
section 2.3.  
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3.1.3. In situ X-ray absorption spectroscopy (XAS) 
The X-ray absorption spectroscopy (XAS) of Mo K-edge of dehydrated supported 
MoO3/ZSM-5 catalysts was performed in both transmission and fluorescence mode at the 
beam line X18A at the National Synchrotron Light Source (NSLS) at the Brookhaven 
National Laboratory. Experimental details are described in Chapter 2, section 2.5.2.  
3.1.4. In situ Raman spectroscopy 
The in situ Raman spectra of the zeolite-supported metal oxide catalysts were obtained 
with a high resolution, dispersive Raman spectrometer (Horiba-Jobin Yvon LabRam HR) 
equipped with three laser excitations (532, 442 and 325 nm), and more details are 
provided in Chapter 2, section 2.4.1. 
3.1.5. Density functional theory (DFT) 
Gradient-corrected periodic density functional theory (DFT) calculations were performed 
with the DMol
3
 code in Materials Studio 4.0 program by Accelrys Software, Inc. More 
details can be found in Chapter 2, section 2.6 
3.1.6. Temperature programmed reduction (TPR) 
The H2-TPR was performed on an Altamira temperature programmed system (AMI-200) 
monitored by an online thermal conductivity detector (TCD). Experimental details are 
described in Chapter 2, section 2.7.1.  
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3.2. Results 
3.2.1. In situ FTIR spectroscopy 
The integrated in situ IR bands of the dehydrated MoOx/ZSM-5 (Si/Al=15) catalysts are 
presented as a function of molybdena loading in Figure 3- 1. The corresponding IR 
spectra are provided in Figure 3- 2. The ZSM-5(Si/Al=15) support possesses four 
surface hydroxyl groups, as shown in Figure 3- 2, that have been assigned to (1) 
Brønsted acid Al-(OH)
+
-Si site in which alumina is coordinated as a AlO4 unit (3610 cm
-
1
) ; (2) terminal Si-OH (3741 cm
-1
); (3) extra-framework Al-OH with AlO6 coordination 
(3660 cm
-1
; Al-OH-I) and (4) extra-framework Al-OH-II of Al2O3 nanoclusters (3783 
cm
-1
; Al-OH II)
13
.  
 
Figure 3- 1 Integrated IR bands of surface hydroxyls of dehydrated supported 0-5% 
MoO3/ZSM-5 (Si/Al=15) catalysts 
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Figure 3- 2 In situ FT-IR spectra of dehydrated supported 0-5% MoO3/ZSM-5(Si/Al=15) 
catalysts collected at 110 
o
C after calcined in 10% O2/Ar at 500 
o
C for 120 mins 
Introduction of just 1% MoO3 has a significant effect upon the ZSM-5 surface hydroxyls, 
with the IR intensity of the surface Brønsted acid hydroxyls (3610 cm
-1
) markedly 
decreased, the surface Al-OH-I and -II hydroxyls (3660 and 3783 cm
-1
) increased and the 
external silanol Si-OH at 3741 cm
-1
 remain unchanged as shown in Figure 3- 1. These 
surface hydroxyl changes are consistent with that the initial surface MoOx species anchor 
at surface Brønsted acid hydroxyls and also cause a small degree of dealumination. 
Increasing the molybdena loading to 2% MoO3/ZSM-5, restores the initial IR intensity 
for the Brønsted acid hydroxyls and decreases the intensity of all other surface hydroxyls. 
This trend suggests that surface MoOx is either migrating from the surface Brønsted acid 
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hydroxyls to the other surface hydroxyls or it is creating new surface Brønsted acid 
hydroxyls. Further increasing the molybdena loading decreases the intensity of the IR 
bands for all surface hydroxyls except the extra-framework Al-OH-II associated with 
Al2O3 NPs that slightly increases. These surface hydroxyl trends with increasing 
molybdena loading indicate that at low molybdena loadings the surface MoOx species 
initially anchor at surface Brønsted acid hydroxyls inside the channels and at high 
molybdena loadings also anchor at external surface Si-OH and extra-framework Al-OH 
hydroxyls. Introduction of molybdena to ZSM-5 also causes dealumination and may be 
creating some new surface hydroxyls at ~3600 cm
-1
. 
3.2.2. In situ UV-vis spectroscopy 
The in situ UV-Vis DRS spectra of the supported MoO3/ZSM-5 catalysts under 
dehydrated oxidizing conditions are summarized in Figure 3- 3 and the UV-vis DRS 
spectra are given in Figure 3- 4.   
 
Figure 3- 3 The UV-vis edge energy (Eg) of molybdenum oxide reference compounds with 
known structures and supported MoOx on ZSM-5 
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Figure 3- 4 In situ UV-vis DRS spectra of dehydrated supported 2% MoO3/ZSM-5: (A) 2% 
MoO3/ZSM-5 (Si/Al=140), (B) 2% MoO3/ZSM-5 (Si/Al=40), (C) 2% MoO3/ZSM-5 (Si/Al=25), 
and (D) 2% MoO3/ZSM-5 (Si/Al=15) under oxidizing conditions at 400 
o
C. 
Only a single ligand-to-metal charge transfer (LMCT) transition of the O(2p) to Mo (3d) 
orbital is observed at 242-245 nm and becomes more pronounced at higher molybdena 
loading. Absence of a LMCT transition at ~400 nm, characteristic to crystalline MoO3 
nanoparticles, indicates that crystalline MoO3 nanoparticles are not present in the catalyst. 
The corresponding UV-vis edge energy (Eg) values for the supported molybdena species 
on ZSM-5 are  4.6-4.9 eV, which unambiguously falls into the range of isolated MoOx 
structures as shown by comparison with model reference compounds in Figure 3- 3 
14, 15
.  
Furthermore, the single LMCT transition at 242-245 nm and high Eg value of 4.6-4.9 eV 
correspond to surface dioxo O2Mo(=O)2 species coordinated to alumina sites present for 
supported MoO3/Al2O3/SiO2, in which the alumina phase is highly dispersed (LMCT at 
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217 nm and Eg=4.9 eV), and not to supported MoO3/SiO2 with two LMCT transitions at 
237 and 274 with a corresponding Eg value of 4.1 eV.
14, 15
 Therefore, the predominant 
surface molybdena species present in the initial oxidized supported MoO3/ZSM-5 
catalysts consist of isolated surface MoOx species interacting with alumina sites. 
3.2.3. In situ XANES/EXAFS spectroscopy 
The X-ray absorption spectra (XAS) of fully oxidized and dehydrated supported 2% 
MoO3/ZSM-5 (Si/Al=25) (red) and supported 5% Mo/SiO2 (blue) catalysts are compared 
in Figure 3- 5.  
 
Figure 3- 5 In situ Mo k-edge XANES (a) and EXAFS (b) spectra of dehydrated 2% 
MoO3/ZSM-5(Si/Al=25)(red) and 5 % MoO3/SiO2(blue) at 500 
o
C in 10% O2/Ar for 2 hrs. 
The supported 5 % Mo/SiO2 catalyst, which is dominated by the surface dioxo O2=MoO2 
structure, serves as a reference structure for the surface MoOx site (corresponding to the 
998 cm
-1
 Raman band) on ZSM-5
15, 16
. The X-ray absorption near edge spectra (XANES) 
of the Mo K edge in Figure 3- 5a are identical for both catalysts, thus similar 
coordination geometry (MoO4) are presented on both SiO2 and ZSM-5 support since the 
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XANES feature is forbidden for centrosymmetric MoO6 coordination. The edge energy 
of ~20.00 keV indicates that the supported molybdena phase is present as Mo
+6
 sites on 
the ZSM-5 support. The extended X-ray absorption fine structure (EXAFS) k-space 
spectra for the two catalysts are compared in Figure 3- 5b.  The supported 5% 
MoO3/SiO2 catalyst exhibits two shells in the first coordination sphere at ~1.0 Å and 
~1.5Å corresponding to the terminal Mo=O and bridging Mo-O-Si bonds, respectively, of 
the surface dioxo species. In addition, there is no Mo-Mo shell at ~3.5 Å in the second 
coordination sphere indicating that the surface dioxo MoO4 sites are isolated.  The extend 
X-ray absorption fine structure (EXAFS) k-space plot for the supported 2% MoO3/ZSM-
5 catalyst is very similar to that of the reference supported 5 % MoO3/SiO2 catalyst, but 
the shoulder at ~1.5 Å is not as pronounced. The broadening of the bridging Mo-O- band 
may be reflecting the presence of multiple bridging Mo-O- bonds, Mo-O-Si and Mo-O-
Al, or multiple MoOx sites that may be present for the supported 2% MoO3/ZSM-5 
(Si/Al=25) catalyst.  
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The in situ XANES pre-edge intensity for dehydrated supported MoO3/ZSM-5 is 
intermediate between that of the MoO4 coordinated reference compounds Al2(MoO4)3 
(isolated MoO4 sites) and MoO3 (oligomeric MoO6 sites)) (see Figure 3- 6).  
 
Figure 3- 6 XANES spectra of bulk Na2MoO4 which is consisted of isolated tetrahedral Mo
6+
O4 
unit(red curve), bulk MoO2 which is consisted of Mo
4+
 species with distorted octahedral 
symmetry(blue curve), and bulk Mo2C which is consisted of Mo
2+
 with hexagonal bcc lattice 
unit(black curve). 
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The XAS spectra of supported MoO3/ZSM-5 with (Si/Al=25, 40 and 140) are given in 
Figure 3- 7. The intensity of the XANES pre-edge for supported MoOx/ZSM-5 also 
varies slightly with Si/Al ratio and is lowest for the highest Si/Al ratio. With the 
exception of the supported MoOx/ZSM-5 (Si/Al=140), the XANES pre-edge intensity for 
the other catalysts are stronger than for the mono-oxo MoO6 containing cluster. The 
intermediate pre-edge intensity and its dependence on the Si/Al ratio indicates that the 
surface MoOx sites on ZSM-5 consist of a mixture of both MoO4 and MoO5/MoO6 
coordinated sites, which is consistent with the observation of multiple surface MoOx sites 
on ZSM-5 detected with in situ Raman spectroscopy. 
 
Figure 3- 7 Molybdenum k-edge in situ XANES (left) and EXAFS (right) of supported 2% 
MoO3/ZSM-5 (Si/Al=15, 25, 140) (labeled as 2MoZ15, 2MoZ25 and 2MoZ140, respectively) 
under dehydrated condition (500 
o
C for 30 mins, and full XAS collection at 110 
o
C in flowing 
10% O2/He) and reference compounds phosphomolybdate acid (Mo-HPA, mono-oxo MoO6 
containing cluster), and Al2(MoO4)3 (isolated tetrahedral MoO4 unit) and MoO3(oligomeric 
MoO6 structure) 
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3.2.4. In situ Raman spectroscopy 
In situ Raman spectra of the supported MoO3/ZSM-5 catalysts with different Mo loadings 
(0-5 %) and different Si/Al ratios (Si/Al=15, 25, 40 and 140) are presented in Figure 3- 8 
and Figure 3- 9, respectively. 
 
Figure 3- 8 In situ Raman spectra (442 nm) of dehydrated supported MoO3/ZSM-5 catalysts 
as a function of MoO3 loading (0-5 wt%) collected at 110 
o
C after calcination in 10% O2/Ar at 
500 
o
C for 120 mins. 
As shown in Figure 3- 8, the in situ Raman spectra of H-ZSM-5 support exhibits the 
bending mode of six-membered rings at 293 cm
-1
, the bending mode of five-membered 
rings at 378 cm
-1
, the bending mode of four-membered rings 440-500 cm
-1
, symmetric 
stretching vibrations of T-O bonds in ZSM-5 at ~810-820 cm
-1
 and asymmetric stretching 
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vibrations of T-O bonds in ZSM-5 at 1080-1250 cm
-1
.
17
 The absence of any Raman bands 
in the range of 900-1050 cm
-1
 from the ZSM-5 support indicates that Raman bands in this 
region when molybdena is present must arise from the supported molybdena phase. The 
absence of the characteristic sharp Raman band of crystalline MoO3 at ~820 cm
-1
 for all 
the supported MoO3/ZSM-5 catalysts indicates that the supported molybdena phase is 
100% dispersed as surface MoOx species on the ZSM-5 support.
15 
 The supported 
MoO3/ZSM-5 (Si/Al=15) catalyst, containing a high Al content, exhibits a strong Raman 
band at 998 cm
-1
 with a shoulder at 970 cm
-1
 and the Raman intensity of these two bands 
increases with increasing molybdena loading. New Raman bands are observed when the 
Si/Al ratio of ZSM-5 is varied for constant molybdena loading, 2% MoO3, as shown in 
Figure 3- 9.  
 
Figure 3- 9 In situ Raman spectra (442 nm) of dehydrated 2wt% MoO3/ZSM-5 catalysts as a 
function of Si/Al ratio (A) 15, (B) 25, (C) 40 and (D) 140 collected at 110 
o
C after calcination in 
10% O2/Ar at 500 
o
C for 120 mins. 
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Lowering the Al content of ZSM-5 from Si/Al of 15 to 25/40, significantly diminishes 
the band at 993 cm
-1
 and enhances the 970 cm
-1
 band.  The independent behavior of these 
two bands with the Si/Al ratio indicates that they originate from two distinct surface 
MoOx sites.  In addition, a new weak Raman band at 1026 cm
-1
 appears as the Al content 
is lowered (higher Si/Al ratio).  For the ZSM-5 support with the lowest Al content 
(Si/Al=140), the spectrum is dominated by a new band at 985 cm
-1
 and the weaker bands 
at 970 and 1026 cm
-1
 are also present. The new band at 985 cm
-1
 is likely due to an 
isolated Mo oxide species associated with Si sites since they are the dominate anchoring 
sites of ZSM-5 support at high-silica content.  The absence of Mo-O-Mo bending 
vibrations in the 200-300 cm
-1
 region supports the presence of isolated surface MoOx 
sites on ZSM-5. 
The Raman bands for the surface MoOx species on the ZSM-5 support can be assigned 
from comparison to prior Raman studies with supported MoO3/SiO2 and 
MoO3/Al2O3/SiO2 catalysts.
14, 15
 Supported MoO3/SiO2 catalysts exhibit Raman bands at 
985 cm
-1
 of dioxo (O=)2MoO2 species and at 1021 cm
-1
 for mono-oxo O=MoO4 species. 
This suggests that the 985 and 1026 cm
-1
 bands for supported MoO3/ZSM-5 (Si/Al=140) 
originate from dioxo MoO4 sites on silica and mono-oxo MoO5 sites, respectively. The 
vibration of mono-oxo O=MoO4 sites are somewhat comparable when present on SiO2 
(1021 cm
-1
) and Al2O3 (1010-1018 cm
-1
),
20
 which complicates assigning their anchoring 
sites. Supported MoO3/Al2O3/SiO2 catalysts give rise to Raman bands at 1002 (strong) 
and 973 cm
-1
 (weak) corresponding to distorted dioxo (O=)2MoO2 sites that preferentially 
anchor at surface AlOx sites on SiO2. This suggests that the 998 cm
-1
 band observed for 
supported MoO3/ZSM-5 (Si/Al=15) is related to dioxo surface MoO4 sites anchored at 
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alumina sites.  The origin of the 970 cm
-1
 Raman band for the supported MoO3/ZSM-5 
catalysts is not clear and DFT calculations are required to better assign the molecular 
structures and anchoring sites of the surface MoOx sites on ZSM-5.
18
 
3.2.5. Density Functional Theory (DFT) calculations 
Density Functional Theory (DFT) calculations were employed to assist in the molecular 
structural assignment and anchoring sites corresponding to the multiple Raman bands 
observed for the surface MoOx sites on the ZSM-5 support. The DFT calculations 
examined the surface MoOx molecular structures, dioxo MoO4 and mono-oxo MoO5, for 
all T sites of the ZSM-5 framework (T4, T5, T8, T10 and T11 sites)
12
.  
The surface MoOx site on high alumina ZSM-5 (Si/Al=15) gives rise to the Raman 
band at 998 cm
-1
 was assigned to isolated dioxo (O=)2MoO2 sites anchored to two 
adjacent Al atoms within the framework. According to Lowenstein’s rule6, the 
probability of having two adjacent Al atoms in one ring is very low for a Si-rich zeolite 
and, therefore, the two Al atoms must be from neighbouring 10 membered rings in the 
zeolite. The calculated surface MoOx molecular structure and anchoring sites on ZSM-5 
are shown in Figure 3- 10. The calculated vibrational frequencies of the symmetric 
vibration of dioxo (O=)2MoO2 on different T sites is 992-999 cm
-1
 and is in good 
agreement with the experimentally observed Raman vibration at 998 cm
-1
.  
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Figure 3- 10 DFT models of surface MoOx species on ZSM-5 and corresponding calculated 
vibrational frequencies 
The surface MoOx structure on intermediate alumina ZSM-5 (Si/Al=25 and 40) gives rise 
to the Raman band at 970 cm
-1
 which was assigned to isolated dioxo (O=)2(OH)MoO2 
sites anchored at only one Al atom within the framework.  The Mo-OH functionality was 
introduced to assure charge neutrality of the surface (O=)2(OH)MoO2 site on ZSM-5. The 
calculated vibrational mode for the symmetric stretch of the dioxo (O=)2(OH)MoO2 is at 
975 cm
-1
, which is 5 cm
-1
 higher than the experimentally determined Raman vibration at 
970 cm
-1
.   
The DFT calculations revealed that framework Si sites do not anchor surface MoOx 
species, but that Si-OH sites on the external surface of the zeolite are able to coordinate 
with surface MoOx species. The surface MoOx sites on low alumina ZSM-5 (Si/Al=140) 
give rise to the Raman band at 983 cm
-1
assigned to isolated dioxo (O=)2MoO2 sites 
anchored to two adjacent Si-OH sites on the external surface of ZSM-5, which coincides 
with the experimentally determined value.   
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The surface MoOx sites on the low alumina ZSM-5 (Si/Al=140) has the Raman band 
at 1026 cm
-1
 which was assigned to isolated dioxo (O=)2MoO2 sites anchored to two 
adjacent Al atoms on external Al2O3 NPs.  The experimental Raman bands for mono-oxo 
O=MoO4 species on bulk Al2O3 vibrate at 1010-1018 cm
-1
, which is in agreement with 
the structure of surface MoOx species on Al2O3 supports.
18 
3.2.6. Temperature programmed reduction (TPR) 
The H2-temperature programmed reduction (TPR) technique is utilized to differentiate 
different surface Mo
6+
Ox species of MoO3/ZSM-5 catalysts. It has been extensively 
applied to the study of supported metal oxide catalysts. Temperature Programmed 
Reduction (TPR) experiments measure the peak reduction temperature of surface 
Mo
6+
Ox species present on ZSM-5. The reduction of different surface Mo
6+
Ox species 
would yield different peak reduction temperatures. This measurement served as a basis 
for the conclusion of different surface Mo
6+
Ox species on ZSM-5 support drawn from 
vibrational and X-ray absorption spectroscopic studies.  
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In Figure 3- 11, the TPR profiles of bulk MoO3 and MoO2 showed that the reduction of 
Mo
6+
 Mo4+ occurred at 300-600 oC, Mo4+(Mo2+ or Mo0) occurred at above 600 
o
C.
19,20,21
.  
 
Figure 3- 11 TPR profiles of bulk MoO3 (10 mg) and bulk MoO2(10mg) in 5 vol% H2/Ar 
The supported 3% MoO3/SiO2 catalyst is a model catalyst which consists of dioxo 
(O=)2MoO2 species anchoring on Si sites
14
. The H2-TPR profile revealed that the 
reduction of dioxo on Si sites corresponds to the reduction peak at 395 
o
C, and the 
reduction of dioxo on Al-Al sites corresponds to reduction peak at 345 
o
C in Figure 3- 12. 
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Figure 3- 12 TPR profiles of 1% MoO3/ZSM-5 Si/Al=15 and 3% MoO3/SiO2 catalysts in 5 
vol% H2/Ar 
The TPR profiles of supported MoO3/ZSM-5 catalysts with varied Mo loading and Si/Al 
ratios are provided in Figure 3- 13 and Figure 3- 14, respectively. The TPR spectra of 
1% MoO3/ZSM-5, as shown in Figure 3- 13, have a single peak reduction temperature at 
344 
o
C. The perfectly symmetric reduction peak at 344 
o
C implies a single Mo oxide 
species present on ZSM-5. Combined with the in situ FTIR and in situ Raman results, the 
reduction peak at 344 
o
C is assigned as reduction of dioxo MoO4 on double Al-Al sites to 
Mo
4+
 species. Similar reduction peaks with center temperatures varied within 10-30 
o
C 
can be found on TPR profiles of 2-5% MoO3/ZSM-5 with constant Si/Al of 15 (see 
Figure 3- 13) and 2% MoO3/ZSM-5 with Si/Al ratios of 15 to 140 (see Figure 3- 14). 
The reduction peak can be assigned as dioxo MoO4 species on Al sites and the broad 
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shoulder centered at 395 
o
C is assigned as dioxo MoO4 species on Si sites as shown in 
Figure 3- 14. Additional reduction peaks above 500 
o
C were also observed on the TPR 
profiles, which are assigned as further reduction of Mo
4+
 Mo2+ Mo0.19,20,21  
 
Figure 3- 13 TPR profiles of supported 1-5% MoO3/ZSM-5 Si/Al=15 in 5 vol% H2/Ar 
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Figure 3- 14 TPR profiles of supported 2% MoO3/ZSM-5 Si/Al=15-140 in 5 vol% H2/Ar 
The TPR results are consistent with the conclusions of surface MoOx species present on 
1-5% MoO3/ZSM-5 from in situ FTIR and Raman results. From in situ FTIR and Raman 
results of 1% MoO3/ZSM-5 catalyst, only a dioxo O2=MoO2 species anchoring at double 
framework Brønsted acid sites with Raman vibration at 998 cm
-1
 is present on ZSM-5 
(See Figure 3- 2, Figure 3- 8 and Figure 3- 12). The reduction peak at 344 
o
C 
corresponds to the reduction of the dioxo species on double Al sites. From in situ FTIR 
and Raman results of supported MoO3/ZSM-5 catalysts, surface MoOx species are 
identified as: (1) a dioxo species on double Brønsted Al sites with Raman vibration at 
993 cm
-1
 which gives rise to a reduction peak at 344 
o
C; and (2) a dioxo species on a 
single Brønsted Al site with Raman vibration at 970 cm
-1
 which gives rise to the 
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reduction peak at 350-354 
o
C; (3) the dioxo species on external Si sites give rise to the 
reduction broad shoulder at 395-400 
o
C. 
3.3. Discussion 
3.3.1. Anchoring sites 
The ZSM-5 support has four distinct surface hydroxyls which are able to accommodate 
surface MoOx species via either ion-exchange or dehydration reaction. The four surface 
hydroxyls are Brønsted acid Al-(OH)
+
-Si, external Si-OH and extra-framework Al-OH 
surface hydroxyls.  The supported MoOx species preferably anchor at surface Brønsted 
acid sites at low molybdena loadings and at external surface Si-OH and extra-framework 
Al-OH sites at high molybdena loadings (see Figure 3- 1). The current in situ IR study 
observed that the affinity of surface MoOx species to anchor at surface hydroxyls follows 
the trend Brønsted acid Al-(OH)
+
-Si > external Si-OH > extra-framework Al-OH surface 
hydroxyls.  There is a general consensus from multiple IR studies of supported 
MoO3/ZSM-5 catalysts that both surface Al-(OH)
+
-Si Brønsted acid sites and external Si-
OH sites of HZSM-5 are anchoring sites for surface MoOx species.
4
 There is one study, 
however, that has claimed that the surface MoOx species only anchor at surface Al-
(OH)
+
-Si Brønsted acid sites,
7,8
 but supporting evidence was not provided. 
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3.3.2. Molecular and electronic structures of surface MoOx species on 
ZSM-5 
The dehydrated supported molybdena phase is completely dispersed as surface MoOx 
species on the ZSM-5 supports for the catalyst compositions reported in this study.  The 
surface MoOx sites on ZSM-5 in the calcined catalysts are fully oxidized as Mo
+6
 species 
(energy of the XANES pre-edge and absence of UV-vis d-d transitions).  The surface 
MoOx sites are present as isolated species on the ZSM-5 supports ( high UV-vis Eg 
values (Figure 3- 3), absence of Raman bands for bridging Mo-O-Mo species (see 
Figure 3- 8 and Figure 3- 9), and absence of Mo-Mo distances in the second 
coordination sphere from EXAFS spectra (Figure 3- 5b)
14
. Raman spectra revealed the 
presence of four distinct surface MoOx sites as a function of the ZSM-5 Si/Al ratio, 
which correspond to the four different surface hydroxyls present on the ZSM-5 support. 
The molecular structures of the four distinct surface MoOx sites were determined from 
combined Raman spectra and DFT calculations. The Raman band  at 998 cm
-1
 was 
assigned to isolated surface dioxo O2Mo(=O)2 species associated with double Al-Al sites, 
970 cm
-1
 was assigned to isolated surface dioxo (O=)2(OH)MoO2 sites associated with a 
single Al site, 985 cm
-1
  was assigned to isolated surface dioxo (O=)2MoO2 sites 
associated with double Si-Si sites on the external surface, and 1026 cm
-1
 was assigned to 
surface mono-oxo O=MoO4 species on extra-framework double Al-Al sites.   
Several researchers have proposed the presence of dimeric M2Ox
5,7
. These structures 
are not supported by the present findings of the exclusive presence of isolated surface 
MoOx species that is reflected in the very high UV-vis DRS Eg value of 4.6-4.9 eV that 
are only present for isolated MoOx sites.  The absence of Mo-Mo distances in the second 
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coordination shell in the previous EXAFS studies of supported MoO3/ZSM-5 catalysts 
also suggests an isolated MoOx structure. Furthermore, a close examination of the 
reported Raman band positions of the proposed dimeric structures in different studies did 
not match. Ribeiro et al.
7
 assigned the 962 cm
-1
 as Mo=O stretch of monomeric O=MoO4 
and the 868 cm
-1
 as Mo-O-Mo stretch mode for a dimer while Iglesia et al.
5 
assigned 970 
and 1045 cm
-1
 as the Mo=O stretch of dimeric Mo2O5 species. The 962 or 970 cm
-1
 is 
Mo=O stretch of isolated dioxo MoOx species, and the 868 cm
-1
 is likely the stretch 
mode of Mo-O-Si/Al.  The band at 1045 cm
-1
 is close to the characteristic of crystalline 
Al2(MoO4)3 NPs, which reflects the high calcination temperature employed in those 
studies. 
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3.4. Conclusions  
The surface MoOx species were found to anchor at both Brønsted acid sites inside the 
zeolite channel, external silica sites and trace of them also at extra-framework alumina 
site. At low Mo loading, surface MoOx species generally prefer to anchor at Brønsted 
acid sites. 
The dehydrated supported MoOx phase is highly dispersed on the ZSM-5 supports 
with the exception of the presence of crystalline MoO3 NPs on the silica-rich ZSM-5 
(Si/Al=140). The in situ UV-vis results indicate that the dispersed surface MoOx species 
are isolated (Eg=4.6-4.9 eV)
14, 15
 and fully oxidized as Mo
+6
Ox species (absence of d-d 
transitions) under oxidizing conditions.  Combined in situ Raman spectroscopy and DFT 
calculations revealed the presence of four distinct surface MoOx structures on the 
MoO3/ZSM-5 catalysts: 1) isolated dioxo (O=)2MoO2 species over two Brønsted acid 
sites at low Mo loading and high Al content; 2) isolated dioxo (O=)2MoO2 species over 
one Brønsted acid site at increasing Mo loading or low Al content; 3) isolated dioxo 
(O=)2MoO2 species over two Si-OH groups at low Al content; 4) isolated mono-oxo 
O=MoO4 species over external Al sites. 
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Chapter 4.  
The catalytic active sites of supported  
MoO3/ZSM-5 catalysts during methane 
Dehydroaromatization (DHA) 
 83 
Abstract 
Four distinct surface Mo oxide species have been identified in Chapter 3, and their 
catalytic roles for methane DHA are investigated in this chapter. This chapter discusses 
operando Raman-MS and in situ extended X-ray absorption fine structure (EXAFS) and 
X-ray absorption near edge spectroscopy (XANES) studies on the active components of 
supported MoO3/ZSM-5 catalysts during methane DHA. Operando Raman-MS 
investigated the relative reactivity of four distinct MoOx species on supported 
MoO3/ZSM-5 catalysts during methane DHA reaction. The reducibility of the four 
distinct surface MoOx species decreases in the order of dioxo (O=)2MoO2 on double Al-
Al sites >dioxo (O=)2MoO2 on single Al sites >>dioxo (O=)2MoO2 on double Si-Si sites~ 
mono-oxo O=MoO4 species on extra-framework Al sites. The operando Raman-MS 
observed that the initial reactivity of methane DHA does not correlate to different MoOx 
structures but increases with decreasing Si/Al ratio of the ZSM-5 support. The absence of 
correlation between reactivity and surface MoOx structure might be due to the dynamic 
structural change of surface MoOx species during methane DHA reaction. The 
correlation between reactivity and Si/Al ratio suggests that presence of Brønsted acidity 
is necessary for the catalytic oligomerization of intermediate C2Hx species to benzene 
which is the reason for zeolites being applied to oil cracking. The reduction of surface 
MoOx species does not immediately initiate the formation of benzene, thus the initial 
fully oxidized MoOx species is not the catalytic active site for methane DHA reaction. 
The in situ EXAFS/XANES during methane DHA reaction condition provides the 
molecular information of catalytic active phase of the supported MoO3/ZSM-5 catalysts. 
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In situ EXAFS/XANES demonstrated that the active site is the poorly ordered 
molybdenum oxycarbide (MoOxCy) nanoparticles with a predominate Mo
2+ 
oxidation 
state. 
Isotopic kinetic experiments using CH4/CD4 as feed gas have provided important 
information on the rate determining step of methane DHA on supported MoO3/ZSM-5 
catalysts. The results demonstrated that the rate determining step (rds) is the cleavage of 
C-H bond rather than the hydrogen removal based on two observations: 1) a significant 
isotopic kinetic effect for methane DHA over supported MoO3/ZSM-5 catalysts, and 2) 
the immediate evolution of dihydrogen at the same time when methane activation and 
benzene formation occur, thus the hydrogen removal is not the rds. 
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Introduction 
A large number of studies have been focused on addressing the state of molybdenum in 
the zeolite. Under reaction conditions, fully oxidized Mo species are converted to 
molybdenum carbide species, at which time no benzene is formed and is defined as the 
induction period
1
. Studies of the induction period of the methane dehydroaromatization 
reaction have proposed a reaction mechanism for the induction period in two steps
1
: 
OHCOMoOCHMoO 22243 244   
222242 3544 HCOOHCOCMoCHMoO   
The state and location of the molybdenum carbide species is more complicated than the 
proposed two steps. Small cluster or isolated Mo species were expected to be the active 
sites since bulk Mo2C and MoO3 are found not active but supported MoO3 and Mo2C 
catalysts (on support materials such as SiO2, Al2O3 and ZSM-5) are active for 
nonoxidative conversion of methane to benzene and only carbon dioxide and water are 
formed.
2,3
 Solymosi et al.
4
 and Xu et al.
5
 reported that supported MoO3/SiO2 and 
MoO3/Al2O3 catalysts have very low activities and low conversions of methane (<1% at 
700 
o
C), but the selectivity towards benzene is about 65-86%. Supported MoO3/ZSM-5 
catalysts have the highest activity and selectivity towards benzene (ca. 85%)
3
. Based on 
these observations, it was suggested that a dispersed Mo2C species is responsible for the 
methane to benzene conversion.  
Direct characterization of the catalytic active sites of the supported MoO3/ZSM-5 
catalysts was also reported as reviewed in Chapter 1. Early ex situ XPS studies
6
 claimed 
Mo2C as the catalytic active sites for methane DHA, and a small amount of Mo
6+
 remains 
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on the catalyst. Ex situ EXANES/XANES studies
7,8
 claimed that molybdenum 
oxycarbide as the catalytic active sites for methane DHA. As mentioned previously, the 
ex situ characterization cannot represent the actual catalyst under reaction conditions, 
especially when the claimed Mo2C species are not stable upon exposure to air.
9
  
In situ EXAFS/XANES studies
10,11,12
 under methane DHA reaction conditions were 
reported to elucidate the catalytic active sites of supported MoO3/ZSM-5 catalyst. Under 
reaction conditions, the initial fully oxidized Mo
6+
 species were reduced to molybdenum 
oxycarbide (MoOxCy) clusters (containing ~10 Mo atoms) located inside the zeolite 
which are proposed as the catalytic active sites.  
Theoretical calculations have also been applied to investigate the methane dissociation 
on molybdenum carbide on HZSM-5
13
. Mononuclear, dinuclear and polymeric clusters of 
molybdenum carbide structures on Brønsted acid sites of 5T and 12T zeolites were 
constructed. The activation energy for heterolytic dissociation of the C-H bond of 
methane on binuclear molybdenum carbide is lower than that on mononuclear 
molybdenum carbide. The theoretical calculation adopted the proposed molybdenum 
oxycabide structures and investigated the formation and energetics of dinuclear 
molybdenum oxycarbide structure from dinuclear octahedral molybdenum oxides by 
substituting the O atoms with C and CH2 units
14
. They concluded that the formation of 
C2H2 species and C-O bond during the reduction of molybdenum oxides is energetically 
favorable (zero energy barrier), but C2H2 units have a tendency to aggregate and form 
carbonaceous species. This study supports the importance of Mo sites for the activation 
of methane which is consistent with experimental studies
2,3
. However, the model is based 
on unsupported molybdenum oxycarbide and the synergetic effect with the zeolite host is 
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ignored in this study. This calls for relevant DFT studies based on models which are close 
to the actual catalytic active sites of supported MoO3/ZSM-5 during methane DHA. 
The focus of this chapter is to investigate the reactivity of the initial surface MoOx 
species present for supported MoO3/ZSM-5 catalysts during methane activation at high 
temperatures by operando Raman-MS spectroscopy (coupling of in situ Raman with an 
online mass spectrometer). The objectives of this chapter are to 1) investigate the 
reactivity of each distinct surface MoOx species, 2) establish the catalytic active sites of 
supported MoOx/ZSM-5 catalysts responsible for methane DHA, 3) correlate the 
structure-activity/selectivity relationships for methane DHA with steady-state kinetic 
studies and DFT calculations, and 4) determine the rate-determining-step for methane 
DHA by supported MoO3/ZSM-5 catalysts by isotopic CH4/CD4-temperature 
programmed surface reaction (TPSR) experiments. 
4.1. Experimental methods 
4.1.1. In situ Raman spectroscopy 
The in situ Raman spectra of the zeolite-supported metal oxide catalysts were obtained 
with a high resolution, dispersive Raman spectrometer (Horiba-Jobin Yvon LabRam HR) 
equipped with three laser excitations (532, 442 and 325 nm). More details are discussed 
in Chapter 2, section 2.4. 
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4.1.2. Operando Raman-MS spectroscopy during methane DHA 
The operando Raman-MS spectroscopy provides Raman measurements under reaction 
conditions with simultaneous analysis of gaseous reactants and products via online mass 
spectrometer (Varian, 1200L quadrupole), and more details are provided in Chapter 2, 
section 2.4.2. 
4.1.3. In situ X-ray absorption spectroscopy (XAS) during CH4 DHA 
In situ X-ray absorption spectroscopy measurements were obtained at Brookhaven 
National Laboratory, and the experimental details are provided in Chapter 2, section 2.5.2. 
4.1.4. Isotopic CH4/CD4Temperature Programmed Surface Reaction 
(TPSR) spectroscopy 
The isotopic CH4/CD4 temperature programmed surface reaction spectroscopy 
measurements were conducted on the Altamira (AMI-200) equipped with an online 
Dycor DM100 mass spectrometer. Please see more experimental details in Chapter 2, 
section 2.7.2.  
4.1.5. Temperature Programmed Oxidation (TPO) of coke deposits on 
supported MoO3/ZSM-5 catalysts from CH4 DHA 
The TPO experiments were conducted on the Altamira AMI-200 equipped with a Dycor 
DM100 Mass spectrometer. Please see more details about TPO in Chapter 2, section 
2.7.3.  
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4.2. Results 
4.2.1. Surface MoOx Species on ZSM-5 
Four distinct surface MoOx structures were identified for the MoO3/ZSM-5 catalysts as 
indicated in Chapter 2: 1) isolated dioxo (O=)2MoO2 species over two Brønsted acid sites 
at low Mo loading and high Al content; 2) isolated dioxo (O=)2MoO2 species over one 
Brønsted acid site at increasing Mo loading or low Al content; 3) isolated dioxo 
(O=)2MoO2 species over two Si-OH groups at low Al content; and 4) isolated mono-oxo 
O=MoO4 species at external Al sites. 
4.2.2. Temperature-programmed operando Raman-MS spectroscopy 
during methane DHA 
The operando Raman-MS spectra for all the supported MoO3/ZSM-5 catalysts are 
presented in figures from Figure 4- 2 to Figure 4- 9, and the supported 2% MoO3/ZSM-
5(Si/Al=25) catalyst are shown in Figure 4- 1 as a representative example. In Figure 4- 1, 
The MS spectra for methane and the CH4 DHA reaction products indicate several 
reaction regimes: no reaction (550-665
o
C), modest formation of CO and CO2
 
(670-
740
o
C), H2O is not detected because the line from the reactor cell to the MS is not heated), 
fast conversion of CH4, sharp production of CO and initiation of benzene formation (740-
760
o
C), and continuous production of benzene (>750
o
C). Although C2H4 formation is not 
observed in Figure 4- 1 its formation was observed for some catalysts and appeared at 
the same temperature as the sharp CO peak (see Figure 4- 6).  
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Figure 4- 1 Operando Raman-MS spectra of 2% MoO3/ZSM-5 Si/Al=25 during CH4 DHA 
reaction 
The simultaneous changes taking place on the catalyst are provided by the Raman spectra 
shown in Figure 4- 1. Prior to CH4 DHA, the Raman spectrum at 500 
o
C corresponds to 
the fully oxidized and dehydrated catalyst in flowing 10% O2/He and exhibits Raman 
bands at 970 and 1026 cm
-1
 from the dioxo (O=)2MoO2 on framework single Al sites and 
mono-oxo O=MoO4 on extra-framework Al2O3 nanoparticles. In the presence of flowing 
CH4, the intensity of the initial dioxo surface MoO4 species (970 cm
-1
) continuously 
decreases between 530-730
o
C and is complete reduced at 730-740 
o
C, resulting in 
CO/CO2 formation. The intensity of mono-oxo surface O=MoO4 species (1026 cm
-1
) are 
almost unperturbed from 550-740 
o
C. Although not readily apparent in Figure 4- 1, the 
operando Raman-MS spectra indicate that the concentration of surface mono-oxo surface 
O=MoO4 species (1026 cm
-1
) increases during reaction, which may reflect the 
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dealumination taking place under the elevated reaction conditions (see figures from 
Figure 4- 2 to Figure 4- 9).  
  
Figure 4- 2 Temperature-programmed operando Raman-MS (442 nm) spectra of 1 % 
MoO3/ZSM-5 (Si/Al=15) in 1.5% CH4/He flow 
  
Figure 4- 3 Temperature-programmed operando Raman-MS (442 nm) spectra of 2 % 
MoO3/ZSM-5 (Si/Al=15) in 1.5% CH4/He flow 
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Figure 4- 4 Temperature-programmed operando Raman-MS (442 nm) spectra of 3 % 
MoO3/ZSM-5 (Si/Al=15) in 1.5% CH4/He flow 
  
Figure 4- 5 Temperature-programmed operando Raman-MS (442 nm) spectra of 4 % 
MoO3/ZSM-5 (Si/Al=15) in 1.5% CH4/He flow 
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Figure 4- 6 Temperature-programmed operando Raman-MS (442 nm) spectra of 5% 
MoO3/ZSM-5 (Si/Al=15) in 1.5% CH4/He flow 
 
 
Figure 4- 7 Temperature-programmed operando Raman-MS (442 nm) spectra of 2 % 
MoO3/ZSM-5 (Si/Al=25) in 1.5% CH4/He flow 
 94 
 
 
Figure 4- 8 Temperature-programmed operando Raman-MS (442 nm) spectra of 2 % 
MoO3/ZSM-5 (Si/Al=40) in 1.5% CH4/He flow 
 
Figure 4- 9 Temperature-programmed operando Raman-MS (442 nm) spectra of 2 % 
MoO3/ZSM-5 (Si/Al=140) in 1.5% CH4/He flow 
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In addition, new Raman bands appear at 1354 and 1590 cm
-1
 above 530 
o
C that are the 
characteristic D and G bands of graphite-type species, respectively.
15
 The somewhat 
broad Raman bands indicates that the surface coke species might be a mixture of olefins, 
conjugated olefins, aromatics, polycyclic aromatics and graphite.
15
 Unlike the wide 
temperature range for reduction of the surface dioxo MoO4 species (530-740
o
C), the 
surface mono-oxo MoO5 species are rapidly reduced in a very narrow temperature range 
(740-750
o
C). Only after the surface mono-oxo MoO5 species are reduced does the CH4 
DHA reaction initiate to from benzene. The formation of benzene at 750
o
C may be 
related to either (1) reduction of the surface mono-oxo MoO5 species or (2) just 
overcoming the activation barrier for methane activation at 750
o
C. Above 740
o
C, the 
characteristic Raman bands of the surface MoOx species, which may have been 
completely reduced, and the ZSM-5 support are obscured by sample fluorescence and 
only the broad and weak Raman bands of surface coke at 1354 and 1590 cm
-1
 remain.  
The reduction temperatures for the surface dioxo MoO4 species and the temperatures 
for initiation of benzene formation for all the supported MoO3/ZSM-5 catalysts are 
summarized in Table 4- 1. In general, reduction of the surface dioxo MoO4 species 
precedes formation of benzene. The initiation of benzene formation or reduction of 
surface Mo oxide species is not affected by either Mo loading (see Figure 4- 10 and 
Figure 4- 11). But the initial reactivity is slightly favored by catalysts with low Si/Al 
ratio of ZSM-5, which implies the presence of surface Brønsted acidity is necessary for 
the oligomerization towards benzene.  
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Table 4- 1 Reduction temperature of MoOx species and evolution temperature of C6H6 over 
supported MoO3/ZSM-5 catalysts derived from operando Raman-MS spectroscopy 
 
Mo 
loading 
(wt%) 
Si/Al 
ratio 
Al/Mo 
ratio 
MoOx 
reduction 
temp (
o
C) 
C6H6 
evolution 
temp (
o
C) 
1Mo-Z-15 1 15 14.0 790 791 
2Mo-Z-15 2 15 7.0 777 781 
3Mo-Z-15 3 15 4.7 779 788 
4Mo-Z-15 4 15 3.5 780 784 
5Mo-Z-15 5 15 2.8 820 850 
2Mo-Z-25 2 25 4.3 740 750 
2Mo-Z-40 2 40 2.8 760 778 
2Mo-Z-140 2 140 0.8 788 791 
 
 
Figure 4- 10 The reduction temperature of surface dioxo MoOx structure and evolution 
temperature of benzene on supported MoO3/ZSM-5 (Si/Al=15) against Mo content (1-5 wt%) 
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Figure 4- 11 The reduction temperature of surface dioxo MoOx structure and evolution 
temperature of benzene on supported 2wt% MoO3/ZSM-5 against Si/Al ratio (15-140) 
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4.2.3. In situ XANES/EXAFS spectroscopy 
Additional structural insights about the nature of the supported Mo species on ZSM-5 
during methane DHA were accessed with in situ X-ray absorption measurements 
(XANES and EXAFS). The in situ XANES from the Mo K-edge of the supported 
MoO3/ZSM-5 catalysts before and during methane DHA at 700 
o
C, after 90 minutes of 
reaction, are depicted in Figure 4- 12. The in situ EXAFS of the supported MoO3/ZSM-5 
during methane DHA at at 700 
o
C, after 90 minutes of reaction, are depicted in Figure 4- 
13. The in situ X-ray absorption spectra of bulk Mo reference compounds (MoO2 and 
Mo2C) with known structures are provided in Figure 4- 14. The energy position of the 
XANES pre-edge reflects the Mo oxidation state and the EXAFS provides information 
about the radial distribution of atoms around the Mo atom. 
 
Figure 4- 12 In situ XANES spectra of 2 % MoO3/ZSM-5 (Si/Al=25) before (red) and after 
(black) reaction with CH4 
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Figure 4- 13 In situ EXAFS spectra during CH4 DHA of 4 % MoO3/ZSM-5 (Si/Al=15) (blue) 
and 2% MoO3/ZSM-5 (Si/Al=15) (red) reaction with CH4 for 30 
 
Figure 4- 14 XANES spectra of bulkNa2MoO4 which is consisted of isolated tetrahedral 
Mo
6+
O4 unit(red curve), bulk MoO2 which is consisted of Mo
4+
 species with distorted octahedral 
symmetry(blue curve) and bulk Mo2C which is consisted of Mo
2+
 with hexagonal bcc lattice 
unit(black curve). 
The XANES pre-edge position of the fully oxidized, dehydrated supported 2% 
MoO3/ZSM-5 (Si/Al=25) catalyst occurs at ~20.0167 keV, which is consistent with the 
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Mo
+6
 oxidation state.
12
 The pronounced XANES pre-edge reflects the absence of center 
of symmetry, which implies MoO4 or MoO5 coordination.
12
 The corresponding k-space 
EXAFS spectrum contains a strong signal at ~1.0Å from the terminal oxygen atoms, 
Mo=O bonds, and a weaker feature as a shoulder at ~1.5Å from the bridging Mo-O-Si/Al 
bonds.
16
 There is no feature at ~3-4 Å characteristic of Mo-O-Mo bond distances in the 
second coordination sphere, thus surface MoOx sites are uniquely presented as monomer. 
After 90 minutes of methane DHA at 700
o
C, The absence of the pronounced XANES 
pre-edge peak and the shift of the XANES edge (Figure 4- 15) to 20.0016 keV similar to 
bulk Mo2C reference compound demonstrates that surface MoOx sites have been reduced 
to predominantly Mo
2+
, but the edge is not identical to the crystalline Mo2C reference, 
thus the nature of the active catalyst is somewhere different from the crystalline Mo2C 
structure.  
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Figure 4- 15 In situ XANES of 2% MoO3/ZSM-5 (Si/Al=25) during methane DHA at 700 
o
C 
for 90 mins (red curve) and bulk Mo2C reference compound (prepared in situ from bulk MoO3 
with CH4/H2 gaseous mixture) 
The EXAES also changes dramatically during methane DHA, the peak associated with 
terminal Mo=O bonds at ~1.0Å is significantly diminished and new bands at ~1.8Å and 
~2.2/2.6Å appear from Mo-C and Mo-Mo distances of Mo2C, respectively, are present 
(compare with the bulk Mo2C reference compound in Figure 4- 16).  
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Figure 4- 16 In situ EXAFS spectra of bulk Mo2C 
Furthermore, the overall magnitude of the Mo EXAFS absorption (Figure 4- 12b) for the 
supported Mo/ZSM-5 catalyst is several hundred orders of magnitude lower than that of 
bulk crystalline Mo2C, which corresponds to the conclusion that the former has a poorly 
ordered molyoxycarbide structure. The relative intensity of the Mo-C and Mo-Mo 
coordination peaks also do not resemble those of the bulk Mo2C reference. Last, the 
relative intensity of Mo-C/Mo-Mo peaks in the EXAFS for the activated catalyst is 
drastically different from bulk Mo2C reference. The activated catalyst has predominate 
Mo-C coordination and weak Mo-Mo absorption, whereas the bulk Mo2C has a strong 
absorption from Mo-Mo coordination at 2.5Å and hundred times weaker absorption from 
Mo-C coordination at 1.8 Å.
12
 The EXASF absorption intensity allows an estimation of 
the domain size of the activated catalyst. The weak Mo-Mo absorption corresponds to a 
small domain size, and the fitting results estimated that only three Mo atoms are in the 
second coordination sphere of the MoOxCy species. In summary, the XANES/EXAFS 
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findings suggest that a poorly ordered molybdenum oxycarbide (MoOxCy) nanoparticles 
rather than crystalline molybdenum carbide (Mo2C) nanoparticles are present as the 
catalytic active sites for methane DHA by supported Mo/ZSM-5 catalysts. A recent DFT 
study
17
 investigated the energetics of supported MoxCy clusters on ZSM-5 support with 
different anchoring sites, and the result suggested that Mo4C clusters are stable anchoring 
at framework Al sites. 
4.2.4. Isotopic CH4/CD4-Temperature Programmed Surface Reaction 
(TPSR) spectroscopy 
The CH4- and CD4-TPSR spectra for the supported 2% MoO3/ZSM-5 (Si/Al=15) catalyst 
are shown in Figure 4- 17 and Figure 4- 18, respectively. The other products evolved 
from the reaction are given in Figure 4- 19 and Figure 4- 20.  
 
Figure 4- 17 CH4 -TPSR spectra over 2 % MoO3/ZSM-5 (Si/Al=15) 
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Figure 4- 18 CD4-TPSR spectra over 2 % MoO3/ZSM-5 (Si/Al=15) 
 
Figure 4- 19 CH4-TPSR spectra over 2 % MoO3/ZSM-5 (Si/Al=15) 
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Figure 4- 20 CD4-TPSR spectra over 2 % MoO3/ZSM-5 (Si/Al=15) 
The CH4/CD4-TPSR comparative spectra revealed a significant H-D isotopic effect for 
the methane DHA reaction. In the CH4-TPSR spectra as shown in Figure 4- 17, the 
simultaneous consumption of CH4 and evolution of C6H6 and H2 occur at 625
o
C in 
flowing 18% CH4/Ar and is preceded by a sharp evolution of C2H4 and H2 at 610
o
C.  The 
concomitant changes in CH4, C6H6 and H2 at 625 
o
C corresponding to the simultaneous 
formation of benzene and hydrogen from methane DHA. Furthermore, the slight delay in 
evolution of benzene relative to hydrogen desorption is expected because the 
recombination of hydrogen atoms occurs at a faster rate than the formation of C6H6 since 
the latter requires oligomerization of several CxHy intermediates. For the corresponding 
CD4-TPSR spectra (Figure 4- 18), the simultaneous consumption of CD4 and the 
evolution of D2 and C6D6 occur at 769 
o
C. This dramatic isotope effect of ~150 
o
C in 
going from CH4 to CD4 is clearly evident that the rate-determining-step for methane 
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activation involves breaking its C-H bond. The absence of a lag in evolution between D2 
and C6D6 is apparently overcomed by the much higher temperature required to activate 
CD4 than CH4.  
4.2.5. In situ Raman spectroscopy during catalyst regeneration with 
O2 
The time-resolved in situ Raman showed that the initial surface MoOx oxide species can 
be fully restored after regeneration treatment. Furthermore, the recovery of the isolated 
dioxo Mo oxide species on double Al-atom anchoring sites precedes that of isolated 
dioxo Mo oxide species on single Al-atom anchoring sites.  
 107 
The in situ Raman spectra under regeneration conditions with gas-phase oxygen as a 
function of time for a 2 % MoO3/ZSM-5(Si/Al=15) catalyst after reaction with methane 
are provided in Figure 4- 21.  
 
Figure 4- 21 Time-resolved in situ Raman spectra of regeneration of initial Mo oxide species 
of methane-reacted supported 2% MoO3/ZSM-5 (Si/Al=15, a) and (Si/Al=25, b) catalysts in 5% 
oxygen/argon at 500 
o
C. Raman recorded at 442 nm laser excitation 
After 20 mins of regeneration, a single Raman band is observed at 993 cm
-1
, which 
corresponds to the evolution of isolated Mo oxide structures on double Al-atom 
anchoring sites of the zeolite framework from reduced Mo species. After 60 min, a 
second Raman band appears at 975 cm
-1
, and its relative intensity increases with 
regeneration time in oxygen flow. This band corresponds to isolated dioxo (O=)2MoO2 
structures on single Al-atom sites. The regenerated dioxo Mo oxide species first anchor 
on double Al-atom zeolite framework sites and then, with increasing time under 
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regeneration conditions, surface dioxo Mo oxide species also anchor on single Al-atom 
zeolite framework sites. 
The time-resolved in situ Raman observed a retarded evolution of surface Mo oxide 
species for 2 % MoO3/ZSM-5 (Si/Al=25) catalyst with a lower concentration of 
framework Al sites of zeolite as shown in Figure 4- 21b. Raman spectra prior to 90 min 
under regeneration conditions are not shown because they are dominated by fluorescence, 
which masks the bands from Mo oxide structures. The results in Figure 4- 21b; however, 
are sufficient to determine that initially, similar to ZSM-5 (Si/Al=15), regenerated Mo 
oxide structures preferentially anchor on double Al-atom zeolite framework sites. This is 
evidenced by a single Raman band at 993 cm
-1
 at 90 min of regeneration time. With 
increasing regeneration time, also similar to ZSM-5 (Si/Al=15), Mo oxide species 
migrate from double to single Al-atom zeolite framework anchoring sites, as evidenced 
by the appearance and growth of the Raman band at 975 cm
-1
 at 100 and 120 min. The 
recovery of mono-oxo Mo oxide species on external Al sites at 1030 cm
-1
 appears at 140 
min. Importantly, however, a fourth Raman band at 984 cm
-1
 due to Mo oxide species 
anchored on Si sites on the external surface of the zeolite appears at 120 min and then 
increases in intensity with regeneration time. These Mo oxide structures and the 
corresponding band at 984 cm
-1
 are not observed for ZSM-5 (Si/Al=15) in Figure 4- 21a.  
It is evident that the initial surface MoOx species can be regenerated after oxidation 
treatment. Regeneration time, however, should be controlled in less than 100 mins to 
prevent any dealumination of the ZSM-5 framework at high temperature. 
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4.2.6. Temperature Programmed Oxidation (TPO) of coke deposits on 
supported MoO3/ZSM-5 catalysts from CH4 DHA  
Additional information about the nature and amount of the coke deposits on the 
supported MoO3/ZSM-5 catalysts were chemically probed with TPO spectroscopy. Only 
CO and H2O were observed as TPO reaction products and the ratio of CO/H2O informs 
about the H content of the coke. The TPO spectra contained two major combustion peaks 
suggesting that there were two different types coke species formed on the supported 
MoO3/ZSM-5 catalysts during the methane DHA.  
For the lowest Mo loading, a more stable coke deposit that was hydrogen deficient 
was present. For intermediate and high Mo loading, a more reactive coke deposit that was 
hydrogen rich was also present. The different coke deposits may be related to the number 
of surface Brønsted acid sites that decreased with Mo loading on the ZSM-5 support. The 
detailed TPO spectra and their analysis are presented in Figure 4- 22 and Figure 4- 23. 
The H/C ratios of coke species are summarized in Table 4- 2. 
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Figure 4- 22 TPO profiles of H2O and CO2 formed on coked 1-5% MoO3/ZSM-5 catalysts in 
18% CH4/Ar at 800 
o
C 
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Figure 4- 23 The plot of ratio of total peak area (CO2: H2O) from TPO profiles against Mo 
oxide loading of the supported 1-5% MoO3/ZSM-5 catalysts 
 112 
Table 4- 2 Summary of peak temperature, integrated peak area and the peak area ratio 
(CO2/H2O) from TPO profiles on 1-5% MoO3/ZSM-5 
Mo oxide loading Peak Temp(
o
C) 
Area(CO
2
) 
(x 10
6
) 
Area(H
2
O) 
(x 10
6
) 
Area ratio 
(H2O/ CO2) 
1% 578 77.0 1.72 0.022 
3% 
492 100 1.94 0.019 
586 100 0.947 0.009 
4% 
492 121 2.54 0.021 
586 130 1.43 0.011 
5% 
470 97.7 1.71 0.017 
557 34.0 1.27 0.037 
630 12.0 0.298 0.025 
 
The TPO profiles showed the evolution of CO2 and H2O when supported 1-5% 
MoO3/ZSM-5 catalysts reacted with methane was exposed to 5% O2/Ar with temperature 
increasing from 110 
o
C to 800 
o
C at a heating rate of 10 
o
C/min. The methane-reacted 
catalyst has molybdenum carbide/oxycarbide species and coke deposits. The combustion 
of coke species will generate CO2 and H2O, whereas the oxidation of molybdenum 
carbide species will also contribute to the evolution of CO2 but not H2O. Figure 4- 22 
showed the concomitant evolution of CO2 and H2O on 1-5% MoO3/ZSM-5 catalysts 
which demonstrated that these peaks are mostly due to the combustion of coke deposits. 
The same rule was reported by other groups who studied coke by TPO experiments
18, 19
. 
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The integrated peak area for CO2 an H2O and the peak area ratio (CO2/H2O) are listed in 
Table 4- 2. The ratio of total peak area of CO2 against that of H2O from all TPO profiles 
is plotted against the Mo oxide loading as shown in Figure 4- 23. The integrated peak 
area is proportional to the amount of CO2 and H2O which originated from the combustion, 
thus the peak area ratio CO2 against H2O reflects the C/H ratio of the coke species.  
The amount of evolution peaks of CO2 and H2O in the TPO spectra is associated with 
the complexity of the composition of coke deposits. In Figure 4- 22, the TPO profile of 
1% MoO3/ZSM-5 has only one combustion peak for CO2 and H2O at 578 
o
C; and two 
distinguishable combustion peaks (495
o
C and 615 
o
C) are present on 3 % and 4% 
MoO3/ZSM-5; and three combustion peaks (470 
o
C, 557 
o
C and 630 
o
C) on 5% 
MoO3/ZSM-5. The peak temperature values represent the stability of coke species. The 
first type of coke species, oxidized at 578 
o
C, is observed on 1% MoO3/ZSM-5. The 
second type of coke species, with lower stability (oxidized below 500 
o
C), is found only 
on high Mo oxide loading catalysts (3-5% MoO3/ZSM-5). The similar peak area ratio 
(CO2/H2O) of the first and the second coke species indicates that they are similar in 
hydrogen-content and degree of saturation. Their difference in stability could be 
associated with the same coke species associated with different locations. The first type 
of coke with the higher stability might be associated with Mo species within the pore 
channel of the zeolite as evident from in situ FTIR result on 1% MoO3/ZSM-5 (see 
details in Chapter 2). The second type of coke with lower stability might be associated 
with Mo species on the external surface of zeolite since it was found that MoOx species 
occupied external silanol groups at higher Mo oxide loading. It is reasonable to assume 
that the coke species confined within the micropores of zeolite is more difficult to be 
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oxidized than those on the external surface of the zeolite. The third type of coke, with the 
highest stability, has TPO peak temperature above 600 
o
C found only on high Mo oxide 
loading catalysts (3-5% MoO3/ZSM-5). The high C/H ratio implies that they are 
hydrogen deficient. The high stability is likely due to the high thermodynamics of the 
unsaturated coke species in the oxidation reaction. It also implies that these coke species 
might be located within the zeolite pores approximating Brønsted acid sites since it was 
reported that coke species on Brønsted acid sites tend to have higher peak temperature in 
TPO
18
. 
As shown in Table 4- 2, the ratio of total peak area (CO2/H2O) evolved from the 
oxidization increases with increasing Mo oxide loading with the only exception found on 
5% MoO3/ZSM-5. This result corresponds to coke species with a higher C/H ratio and 
hydrogen-deficient which forms on formed on the catalysts with high Mo oxide loading. 
In another words, unsaturated carbonaceous deposits are favorable on catalysts with high 
Mo oxide loading. Exception is found only on 5% MoO3/ZSM-5 since the total amount 
of coke deposited on 5% MoO3/ZSM-5 is significantly smaller than samples with lower 
Mo oxide loadings as evident from the total peak areas of CO2 and H2O. Combined with 
the previous operando Raman-MS results on 5% MoO3/ZSM-5, it is not hard to conclude 
that the reduction of surface MoOx species and the methane DHA reaction occurs at 820 
o
C and 850 
o
C, respectively. The TPO profile is obtained on 5% MoO3/ZSM-5 after 
reaction with methane at 800 
o
C, which is lower than the CH4 activation temperature (850 
o
C) for 5% MoO3/ZSM-5. Therefore, the coking is not severe at this temperature which 
explains the small amount of coke species found on 5 % MoO3/ZSM-5. 
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From TPO experiments, at least three different types of coke species dependent on Mo 
oxide loading are identified on methane-reacted MoO3/ZSM-5 catalysts.  
The first type of carbon, oxidized below 500 
o
C, preferentially formed only on high 
Mo oxide loading (3-5%) catalysts during methane DHA. The absence of this type of 
carbon on 1% MoO3/ZSM-5 suggested that it might be associated with either the 
MoOxCy/MoCy species of large domain size which are only allowed at higher Mo oxide 
loading or Mo species at the external surface of the zeolite which were identified from in 
situ FTIR spectra of catalysts with high Mo oxide loading. The second assumption is 
reasonable since carbon at external surface is easier to be removed by combustion which 
is consistent with the low stability of this type of carbon in oxygen. 
The second type of carbon oxidized at 578 
o
C forms on 1% MoO3/ZSM-5 catalysts. 
The composition of the second type carbon is similar to the first type carbon due to their 
similar CO2/H2O area ratio as shown in Figure 4- 23, which implies similar composition 
of coke species; however the second type of carbon is more stable in oxygen as evident 
from the higher peak temperature. The higher stability might be because these coke 
species are formed inside the pore channels of the zeolite since Mo species are located at 
framework Al sites on 1% MoO3/ZSM-5 as evident from the in situ Raman and IR results 
in Chapter 2. 
The third type of carbon oxidized at about 615
o
C forms on 3-4% MoO3/ZSM-5 
catalysts. The relative CO2/H2O area ratio of this type of carbon is approximately twice 
that of the first and second type of carbon. It suggested that the third type of carbon is 
hydrogen deficient and unsaturated, which explains the higher stability of this type of 
carbon.  
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4.3. Discussion 
4.3.1. Mo oxide loading and Si/Al ratio-initial CH4 DHA activity 
relationships  
The temperature programmed CH4-operando Raman-MS results revealed that the 
temperature for the initial evolution of benzene is not changing with catalysts with 
different MoOx species initial CH4 DHA activity for benzene formation does not 
correlate with the initial surface MoOx structures as well as the Si/Al ratio of the ZSM-5 
support as shown in Figure 4- 10 and Figure 4- 11. The absence of a direct correlation 
between the initial surface MoOx structures and initial rates for benzene formation is 
most probably a consequence of the observation that the surface MoOx species undergo 
structural changes due to dealumination at the elevated reaction temperatures even prior 
to their activation to MoOxCy species (see figures from Figure 4- 2 to Figure 4- 9). 
4.3.2. Nature of activated Mo sites during the CH4 DHA reaction 
The in situ XANES/EXAFS measurements have shown that the activated catalytic active 
Mo sites of the supported MoO3/ZSM-5 catalysts for methane DHA are present as poorly 
ordered MoOxCy clusters. The XANES edge energy position of the supported Mo sites 
during CH4 DHA approximately matches that of bulk Mo2C, implying that the activated 
Mo is predominantly about Mo
2+
. The complementary EXAFS radial distribution 
possesses strong Mo-C bond peaks at 1.8 Å, a weak Mo=O bond peak at 1.0 Å, weak 
Mo-O bond peak at 1.5 Å, and weak Mo-Mo scattering from the second coordination 
sphere at ~2.2-2.6 Å. The small contribution from the Mo-Mo scattering implies that the 
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domain size MoOxCy species is very small since the scattering intensity of Mo-Mo in 
bulk Mo2C is five times stronger than that of Mo-C coordination (see Figure 4- 16). It is 
estimated that the activated MoOxCy species has one neighboring Mo atom present in the 
second coordination during methane DHA which implies that the active sites are 
dispersed MoOxCy species. Similar results were found by Iglesia et al.
12
 and dispersed 
MoOxCy species within zeolite channels were proposed. The present finding, 
consistently reveal that the activated supported Mo on ZSM-5 is present as dispersed 
MoOxCy species.
12
 In subsequent work, Iglesia et al.
18
 reported the active sites present as 
larger MoCy nanoclusters in an order of 6-10 Å. High Resolution Transmission Electron 
Microscopy (HR-TEM) images of much larger Mo2C particles on the external zeolite 
surface of a spent MoO3/ZSM-5 catalysts, ~50nm, have been reported in the literature
20
. 
These larger Mo2C particles most probably arose from the presence of crystalline MoO3 
particles in the initial calcined catalysts since as shown in the present study crystalline 
MoO3 is readily converted to crystalline Mo2C under CH4 DHA reaction conditions as 
shown in Figure 4- 16. 
4.3.3. Reaction mechanism and rate-determining-step 
The rate-determining-step for CH4 DHA is the cleavage of the methane C-H bond as 
demonstrated by the dramatic kinetic isotopic effect when CH4 was replaced by CD4. The 
surface MoOx sites are activated by reduction with methane that initially yields CO and 
H2O as the primary reaction products. The reduced Mo sites are then activated by 
formation of MoOxCy clusters on the ZSM-5 support that initiates the production of H2 
and C2H4. The formation of C2H4 is fleeting since it is rapidly reincorporated into a 
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hydrocarbon pool responsible for synthesis of C6H6. The formation rate of benzene lags 
that of H2 and C2H4 reflecting these more rapid dimerization reaction steps than the 
slower oligomerization step responsible for C6H6 formation as shown in the operando 
Raman-MS spectra. The reaction steps are proposed as follows: 
n CH4 + MoOx  MoOxCy + CO + H2O      Activation of Mo site                            (1) 
CH
4
 + MoO
x
C
y
 CH
3
-MoOC
y
H 
 
+H
2
O   Activation of CH4 , rds                          (2) 
CH4 + CH
3
-MoOC
y
H
 
 (CH
3
)2-MoOC
y
H +H
2 
                                        (3) 
(CH
3
)2-MoOC
y
H MoOxCy + C2H4 +H2                                                                    (4) 
C2H4 + ZSM-5  C2H4-ZSM-5                                                                                   (5) 
C2H4-ZSM-5+ H-ZSM-5 C2H5
+
-ZSM-5                                                              (6) 
C2H4-ZSM-5+ C2H5
+
-ZSM-5  C4H6-ZSM-5 + 3/2H2     (7) 
C4H6-ZSM-5+ C2H5
+
-ZSM-5  C6H6-ZSM-5 + 5/2H2     (8) 
C6H6-ZSM-5  ZSM-5 + C6H6          (9) 
The above sequence of reaction steps with activation of methane being the rds results in 
the following reaction rate 
rate = Kads*krds (CH4)
1
       (10) 
Some researchers
21
 claimed that hydrogen removal is the rds for methane DHA by 
supported MoO3/ZSM-5 catalysts and employed a membrane reactor to facilitate H2 
removal to increase the reaction rate. There is no evidence that the H2 removal as the rate 
determining step for CH4 DHA. Based on the reaction equilibrium, the removal of H2 
shifts the equilibrium towards the right and C6H6 formation 
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4.3.4. Catalyst deactivation 
The methane DHA reactions require high temperature to activate the C-H bond which 
poses a big challenge for the stability of catalyst. The CH4-TPSR operando Raman-MS 
findings revealed that the methane DHA equilibrium is not enhanced by increasing 
reaction temperature (>700 
o
C) (See figures from Figure 4- 2 to Figure 4- 9). According 
to thermodynamics, the conversion should be enhanced at elevated temperature. However, 
the formation of benzene is suppressed due to catalyst deactivation as evident from the 
CH4-TPSR profiles. Several possible reasons could be responsible for the deactivation. 
First, from operando CH4-Raman results, heavy coke species accumulate on the catalyst 
as the methane DHA proceeds, which will block the active sites and eventually leads to 
deactivation. The TPO results demonstrated that the amount of coke deposits on the 
catalyst is higher on high Mo oxide loading catalysts. Hydrogen-deficient coke with 
higher thermal stability is favored on higher Mo oxide loading catalysts (3-4 wt%). 
Combined with the operando Raman vibrations of the coke species formed in methane 
DHA, the hydrogen-deficient coke could consist of a mixture of heavy hydrocarbons 
such as polyaromatics, fused aromatic or pre-graphitic species. The current finding 
suggested that heavier coke species can be avoided by choosing low Mo oxide loading 
catalysts, which is consistent with the literature findings that the optimum catalyst is 2% 
MoO3/ZSM-5 catalysts.
22
  
4.3.5. Catalyst regeneration  
The initial surface Mo oxide species after methane DHA reaction can be fully 
regenerated under oxygen treatment at elevated temperature. The time-resolved Raman 
 120 
spectroscopic results demonstrate that surface Mo surface dioxo Mo oxide structures 
anchored on framework double Al-atom sites are regenerated first, followed by surface 
dioxo Mo oxide structures on framework single Al-atom sites, surface dioxo Mo oxide 
structures on external Si sites and mono-oxo Mo oxide structures on external Al sites. 
The regeneration ability of each surface Mo oxide structures falls into similar trend as 
their reactivity in the methane DHA reaction. In addition, these results also suggested that 
optimization of the regeneration time can avoid formation of the less active dioxo Mo 
oxide structures on external Si sites and, therefore, enhance catalytic performance. 
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4.4. Conclusions 
The initial reactivity of supported MoO3/ZSM-5 catalysts does not correlate to the surface 
MoOx species but increase with decreasing Si/Al ratio of ZSM-5 support during methane 
DHA reaction as evident from combined operando Raman-MS spectroscopy. No 
correlation between initial surface MoOx species with reactivity is probably due to the 
observed structural change of surface MoOx species during the reaction. The correlation 
between reactivity and Si/Al ratio of ZSM-5 support can be explained by the catalytic 
role of Brønsted acidity in the oligomerization step of methane to benzene conversion, 
which has been proved as a distinct catalytic feature of zeolite for cracking petroleum 
hydrocarbons.
23
  
The fully oxidized MoOx species convert to reduced Mo species which are Raman 
inactive; therefore, the molecular structure of reduced Mo species were investigated via 
in situ EXAFS/XANES spectroscopy under reaction conditions. The active catalyst for 
the conversion of methane to benzene is a poorly ordered molybdenum oxycarbide 
(MoOxCy) cluster based on in situ EXAFS/XANES results. 
The reduced molybdenum oxycarbide structure can be fully restored after regeneration 
in oxidizing environment at elevated temperature. The regeneration ability of different 
surface Mo oxide species is the same as their catalytic activity for methane DHA reaction. 
The regeneration at a constant temperature can successfully restore surface Mo species in 
the order of dioxo (O=)2MoO2 species on double Brønsted acid Al-Al sites >dioxo 
(O=)2MoO2 species on single Brønsted acid Al sites >>dioxo (O=)2MoO2 species on Si-
Si sites ≈ mono-oxo O=MoO4 species on external Al sites. In addition, these results also 
 122 
suggested that optimization of the regeneration time can avoid formation of the less 
active dioxo Mo oxide structures on external Si sites. 
Three different coke species related to the Mo oxide loading are identified from the 
TPO experiments. The first type of coke species, very unstable in oxygen, is associated 
with Mo species at the external surface of zeolite which are easier to be removed. The 
second type of coke species, more stable in oxygen but with similar hydrogen-
concentration as the first type of coke, is associated with Mo species inside the zeolite 
channels which are more difficult to be removed. A third type of coke species, the most 
stable in oxygen and hydrogen-deficient, is present with a significant quantity on 3-4% 
MoO3/ZSM-5 catalysts.  
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Chapter 5.  
Molecular Structures of Supported 
MOx/ZSM-5 (M=V, Cr, Mo, W and Re) 
Catalysts 
 125 
 
Abstract 
The molecular structures and anchoring sites of dehydrated supported MOx (M=V, Cr, 
Mo, W and Re) species on ZSM-5 supports (Si/Al=15, 25, 40 and 140) were investigated 
with in situ UV-vis Raman, IR and XAS spectroscopy. The supported MOx/ZSM-5 
catalysts were synthesized by incipient wetness impregnation of the appropriate 
precursors. Raman spectroscopy analysis demonstrated that the supported MOx species 
were completely dispersed on the ZSM-5 supports with the exception of the Si-rich ZSM-
5 (Si/Al=140) that has a small amount of crystalline MOx nanoparticles (NPs) because of 
the limited number of available surface Brønsted acid Si-(OH)
+
-Al sites. The results from 
UV-vis and XAS spectroscopy have shown that the dispersed surface MOx species on 
ZSM-5 were fully oxidized and present as isolated sites on the ZSM-5 supports. Raman, 
coupled with isotopic 
18
O-
16
O exchange studies, and XAS spectroscopy revealed that the 
isolated surface MOx species tend to primarily consist of MO4 and MO5 coordination: 
O=VO3; (O=)2CrO2 and O=CrO4; (O=)2MoO2, (O=)2Mo(OH)O2 and O=MoO4; 
(O=)2WO2, (O=)2W(OH)O2 and O=WO4; and (O=)3ReO. Based on IR results, the surface 
MOx species primarily prefer to anchor at surface Brønsted acid Si-(OH)
+
-Al in the 
zeolite pores, but also anchor at external extra-framework Al sites, Al2O3 NPs and Si-OH 
sites. This extensive and systematic investigation highlights for the first time how 
catalytic metal oxides interact with ZSM-5 materials. 
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Introduction 
The molecular and electronic structures of highly dispersed group V-VII transition metal 
oxide supported on zeolites have received significant attention in recent years due to their 
industrial potential as catalysts for numerous chemical reactions
1-18
. For example, 
supported V2O5/ZSM-5 catalysts have been studied for selective catalytic reduction (SCR) 
of NOx with ammonia
1
, and oxidative dehydrogenation (ODH) of ethane to ethylene with 
CO2
2
. Supported MoO3/ZSM-5 catalysts have been investigated for non-oxidative 
dehydroaromatization (DHA) of methane
3
, and partial oxidation of methane to 
formaldehyde
4
. Supported CrO3/ZSM-5 catalysts have been examined for SCR of NOx 
with hydrocarbons
5
, propane dehydrogenation to propylene
6
, ODH of ethane to ethylene 
with CO2
7
, photocatalytic partial oxidation of propane to acetone
8
, toluene 
disproportionation
9
, non-oxidative DHA of methane
10
 and neutralization of volatile 
organic compounds (VOC) and chlorinated VOCs
11,12,13,14
. Supported WO3/ZSM-5 
catalysts have been studied for methane oxidation
15
 and non-oxidative DHA of methane
16
,
 
and supported Re2O5/ZSM-5 catalysts have been found to be effective for conversion of 
ethane to benzene
17
 and non-oxidative DHA of methane.
18
  
The supported metal oxide phases on ZSM-5 are usually molecularly dispersed below 
monolayer surface coverage or the maximum dispersion limit. The supported surface 
metal oxide components provide redox/acid/basic sites while the ZSM-5 support 
contributes strong Brønsted acid sites and shape-selectivity not available for non-zeolitic 
supported metal oxide catalyst systems. Above monolayer coverage or maximum 
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dispersion limit, crystalline metal oxide nanoparticles (NPs) also form on the zeolite 
external surface and are generally undesirable because of their lower catalytic activity 
and tendency to block the micropores of ZSM-5.
19 
The nature of the supported MOx sites and their anchoring sites on ZSM-5 has 
received much attention in recent years and the literature findings are discussed in detail 
in Chapter 1 and are summarized in Table 5- 1. 
Table 5- 1 Literature review of supported MOx/ZSM-5 catalysts (M=V, Cr, Mo, W and Re) 
indicating the proposed anchoring sites, molecular MOx structures and characterization 
techniques with the employed experimental conditions 
MOx Anchoring site 
Nature of MOx 
Species 
Characterization 
Techniques 
References  
VOx Brønsted acid 
site, external Si-
OH 
monomer (O=)2VO, 
dimer V2O4
+
 
in situ ESR and IR, ex 
situ XPS, in situ Raman 
and XAS 
61,73,74,75 
CrOx Brønsted acid 
site 
monomer (O=)3CrO, 
O=CrO4 
In situ IR, ex situ 
XPS ,in situ IR and 
XAS 
10,13,64,76 
MoOx Brønsted acid 
site, external Si-
OH, Al-OH 
monomer 
(O=)2MoO2, dimer 
Mo2O5
+ 
UV-Vis, in situ IR, ex 
situ XPS, in situ Raman 
and XAS 
65,66,67,68 
WOx Brønsted acid 
sites 
monomer (O=)2WO2 ex situ XPS, in situ 
XAS, in situ UV-Vis 
15,16 
ReOx Brønsted acid 
site, external Si-
OH 
monomer (O=)3ReO, 
dimerRe2O6
+ 
in situ IR, in situ 
Raman and XAS, ex 
situ XAS 
18,77 
 
In spite of the extensive characterization studies on supported MOx/ZSM-5 catalysts, the 
details about the MOx anchoring sites, molecular and electronic structures are still not 
resolved. Although there is some agreement that the anchoring sites for the MOx species 
on the ZSM-5 supports are the surface Brønsted acid sites and Si-OH sites, there is no 
consensus about the nature of the MOx species. The lack of consensus is strongly related 
to the application of different characterization techniques under different conditions 
(ambient, ex situ and in situ). Many of the characterization measurements were taken 
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under ambient and ex situ conditions, with only a few in situ spectroscopic studies 
reported. The dynamic nature of catalysts under different environmental conditions is 
well established and that characterization under ambient conditions, in which the 
catalysts are hydrated, is not representative of the actual states of catalysts under relevant 
operational conditions (dehydrated and reaction conditions).
20,21
  
The objective of this chapter is to determine the molecular details of the surface MOx 
(M=V, Cr, Mo, W and Re) species supported on ZSM-5 under oxidizing dehydrated 
conditions. The molecular details about the MOx anchoring sites, molecular and 
electronic structures on ZSM-5 supports (Si/Al=15-140) under dehydrated conditions 
were resolved by systematic application of in situ FT-IR, UV-vis, Raman and X-ray 
absorption spectroscopy (XAS). 
5.1. Experimental methods 
5.1.1. In situ IR spectroscopy 
The in situ IR measurements were performed with a Thermo Scientific Nicolet 8700 
Research FTIR spectrometer equipped with a liquid nitrogen cooled mercury-cadmium-
telluride (MCT detector), a Harrick Praying Mantis accessory (model DRA-2), and a 
Harrick reaction chamber HT-100. Experimental details are described in Chapter 2, 
section 2.2. 
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5.1.2. In situ UV-vis Spectroscopy  
The in situ UV-vis measurements were obtained with a Varian Cary 5E UV-Vis-NIR 
spectrophotometer employing the integration sphere diffuse reflectance attachment 
(Harrick Praying Mantis Attachment, DRA-2). Experimental details are provided in 
Chapter 2, section 2.3.  
5.1.3. In situ Raman Spectroscopy  
The in situ Raman spectra of the zeolite-supported metal oxide catalysts were obtained 
with a high resolution, dispersive Raman spectrometer system (Horiba-Jobin Yvon 
LabRam HR) equipped with three laser excitations (532, 442 and 325 nm), and more 
details are discussed in Chapter 2, section 2.4.  
5.1.4. In situ X-ray absorption spectroscopy (XAS) 
The X-ray absorption spectroscopy (XAS) of V K-edge, Cr K-edge, Mo K-edge, Re L1-
edge and W L1-edge of supported MOx catalysts was performed in both transmission and 
fluorescence mode at the beam line X18A at the National Synchrotron Light Source 
(NSLS) at the Brookhaven National Laboratory, More details are provided in Chapter 2, 
section 2.5.1. 
 130 
5.2. Results 
5.2.1. In situ IR Spectroscopy  
The parent HZSM-5 (Si/Al=15) has four characteristic surface hydroxyl IR absorptions: 
(1) Brønsted acid Al-(OH)
+
-Si site in which alumina is coordinated as an AlO4 unit (3610 
cm
-1
);   (2) terminal Si-OH (3741 cm
-1
); (3) extra-framework Al-OH with AlO6 
coordination (3660 cm
-1
; Al-OH-I) and (4) extra-framework Al-OH-II of Al2O3 
nanoclusters (3783 cm
-1
; Al-OH II)
26,27
. The integrated IR bands of the four surface 
hydroxyls are compared against the MOx loading in order to determine the interaction of 
the MOx species with the different surface hydroxyl anchoring sites on the ZSM-5 
support. 
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Supported V2O5/ZSM-5 
The integrated in situ IR bands for the surface hydroxyls of dehydrated V2O5/ZSM-5 
(Si/Al=15) catalysts as a function of vanadia loading are shown in Figure 5- 1 and the 
corresponding IR spectra appear as Figure 5- 2.  
 
Figure 5- 1 Integrated IR bands of surface hydroxyls of dehydrated supported 0-5% 
V2O5/ZSM-5(Si/Al=15) catalysts 
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Figure 5- 2 In situ FTIR spectra of dehydrated supported 0-5% V2O5/ZSM-5(Si/Al=15) 
catalysts 
The intensity of the Brønsted acid hydroxyl band at ~3610 cm
-1
 initially slightly 
decreases with1% V2O5 and then increases at higherV2O5 loading. The IR position of the 
Brønsted acid hydroxyl also shifts from 3610 to 3603 cm
-1
 with increasing vanadia 
loading (see Figure 5- 2), suggesting that new surface hydroxyls may be forming. This 
surface hydroxyl vibration coincides with surface V-OH hydroxyls at ~3600 cm
-1
 
28
 or 
may be related to formation of V-(OH)
+
-Al Brønsted acid sites
29,30 
at higher vanadia 
loadings. The intensity of the silanol Si-OH band at 3741 cm
-1
 remains relatively constant 
indicating that the surface VOx species do not anchor on the external silanol hydroxyls. 
The intensity of the extra-framework Al-OH bands at 3660 and 3783 cm
-1 
slightly 
decrease for 1% V2O5 loading and then slightly increase with higher vanadia loading 
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suggesting some initial anchoring of surface VOx at these sites and that introduction of 
vanadia may also result in minor dealumination of framework Al. It appears that 
anchoring of surface VOx on ZSM-5 primarily takes place at surface Brønsted acid 
hydroxyl sites and some extra-framework Al-OH sites, and also leads to creation of new 
surface hydroxyls at ~3600 cm
-1
 at higher vanadia loadings. 
Supported CrO3/ZSM-5 
The integrated in situ IR bands for the surface hydroxyls of the dehydrated CrOx/ZSM-
5(Si/Al=15) catalysts as a function of chromia loading are presented in Figure 5- 3 and 
the corresponding IR spectra appear as Figure 5- 4.  
 
Figure 5- 3 Integrated IR bands of surface hydroxyls of dehydrated supported0-3% 
CrO3/ZSM-5 (Si/Al=15) catalysts 
 134 
 
Figure 5- 4 In situ FTIR spectra of dehydrated supported 0-3% CrO3/ZSM-5(Si/Al=15) 
catalysts 
The intensity of the IR band at 3610 cm
-1 
of Brønsted acid hydroxyls markedly increases 
with introduction of surface chromium oxide species, which suggests that new surface 
Brønsted acid sites might be created by introduction of chromia to ZSM-5. Surface 
hydroxyls of Cr2O3 also vibrate at ~3606 cm
-1 31 
that would overlap with hydroxyl 
vibrations of framework Al sites (Al-(OH)
+
-Si). The IR bands of the external surface 
silanol Si-OH at 3741 cm
-1
 and the extra-framework Al-OH at 3660 cm
-1
 steadily 
decrease with increasing chromia loading reflecting anchoring of surface CrOx sites at 
these surface hydroxyls.  The intensity of the IR band from the extra-framework Al-OH 
of Al2O3 NPs at 3783 cm
-1
 does not change with chromia loading indicating anchoring at 
this site or that dealumination is not taking place to a significant extent for the 1-3% 
 135 
CrO3/ZSM-5 catalysts. The observed trends suggest that surface CrOx preferably anchor 
at surface silanols and extra-framework Al-OH sites, and create new surface Brønsted 
acid hydroxyls. It is possible that surface CrOx species are also anchoring at the surface 
Brønsted acid sites, but are being overshadowed by the increasing surface hydroxyl IR 
band at ~3600 cm
-1
 with higher chromia loadings. 
Supported MoO3/ZSM-5 
The integrated in situ IR bands of the dehydrated MoO3/ZSM-5 (Si/Al=15) catalysts are 
shown in Figure 5- 5 as a function of molybdena loading with the corresponding IR 
spectra appearing as Figure 5- 6. 
 
Figure 5- 5 Integrated IR bands of surface hydroxyls of dehydrated supported 0-5% 
MoO3/ZSM-5 (Si/Al=15) catalysts 
 136 
 
Figure 5- 6 In situ FTIR spectra of dehydrated supported 0-5% MoO3/ZSM-5(Si/Al=15) 
catalysts 
Introduction of just 1% MoO3 has a significant effect on the ZSM-5 surface hydroxyls, 
the intensity of the IR bands corresponding to surface Brønsted acid hydroxyls at 3610 
cm
-1
 markedly decrease, the bands associated with surface extra-framework Al-OH 
increase while the silanol Si-OH at 3741 cm
-1
 remained unchanged. These trends suggest 
that the initial surface MOx anchor at surface Brønsted acid hydroxyls and also cause 
dealumination. Increasing molybdena loading to 2% MoO3/ZSM-5 restores the initial IR 
intensity for the Brønsted acid hydroxyls and decreases the intensity of all other surface 
hydroxyls. Further increasing the molybdena loading decreases the intensity of the IR 
bands for all surface hydroxyls except the extra-framework Al-OH associated with Al2O3 
NPs that slightly increases. These surface hydroxyl trends with increasing molybdena 
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loading indicate that surface MOx species initially anchor at surface Brønsted acid 
hydroxyls inside the channels and subsequently also at external surface Si-OH and extra-
framework Al-OH hydroxyls. Introduction of molybdena to ZSM-5 also causes 
dealumination and creates some new surface hydroxyls at ~3600 cm
-1
. 
Supported WO3/ZSM-5 
The integrated in situ IR bands of the dehydrated WOx/ZSM-5 (Si/Al=15) are presented 
in Figure 5- 7 as a function of tungsta loading and the corresponding IR spectra are 
found as Figure 5- 8.  
 
Figure 5- 7 Integrated IR bands of surface hydroxyls of dehydrated supported 0-5% 
WO3/ZSM-5 (Si/Al=15) catalysts 
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Figure 5- 8 In situ FTIR spectra of dehydrated supported 0-5% WO3/ZSM-5(Si/Al=15) 
catalysts 
The intensity of the IR band of the surface Brønsted acid hydroxyls initially slightly 
increases and then slightly decreases as well as shifting from 3610 to 3604 cm
-1
 with 
increasing tungsta loading. The band at 3604 cm
-1
 is too high to be the hydroxyl of 
tungsten trioxide, which vibrates at 3506 cm
-1
.
32
 The other surface hydroxyls are 
minimally perturbed. These trends indicate that surface WOx species primarily anchor at 
surface Brønsted acid hydroxyls on ZSM-5 and also create new surface hydroxyls 
corresponding to ~3600 cm
-1 
W-OH or W-(OH)
+
-Si/Al.
33
 The competition between 
titration and formation of surface hydroxyls vibrating at ~3600 cm
-1
 may be responsible 
for the lack of significant change in the intensity of this IR band. 
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Supported Re2O7/ZSM-5 
The integrated in situ IR bands of the dehydrated ReOx/ZSM-5 (Si/Al=15) as a function 
of rhenia loading are depicted in Figure 5- 9 with the corresponding IR spectra appearing 
as Figure 5- 10.  
 
Figure 5- 9 Integrated IR bands of surface hydroxyls of dehydrated supported 0-5% 
Re2O7/ZSM-5 (Si/Al=15) catalysts 
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Figure 5- 10 In situ FTIR spectra of dehydrated supported 0-5% Re2O7/ZSM-5(Si/Al=15) 
catalysts 
The intensity of the IR band associated with the surface Brønsted acid hydroxyl at 3610 
cm
-1 
decreases markedly as 1% ReO4 is introduced and remains unchanged at higher 
rhenia loadings. At higher rhenia loading, the intensity of the IR bands of the external 
silanol Si-OH at 3741 cm
-1
 decrease while that of the extra-framework Al-OH at 3660 
cm
-1 
modestly increase. The IR band intensity of the surface Al-OH of Al2O3 NPs at 3783 
cm
-1 
slightly increases with rhenia loading on ZSM-5. The slight increases in the surface 
Al-OH IR bands reflect dealumination taking place with introduction of rhenia into the 
ZSM-5 support. It appears that the surface Brønsted acid hydroxyls is the preferred 
anchoring site for surface ReOx on ZSM-5 and that external Si-OH hydroxyls become 
anchoring sites at higher rhenia loading.  
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5.2.2. In situ UV-vis Diffuse Reflectance Spectroscopy (DRS) 
In situ UV-vis DRS spectroscopy provides local electronic structure of supported metal 
oxides by probing the optical energy gap (Eg) between the HOMO and LUMO electronic 
levels of semiconductor metal oxides.
34
 Higher Eg values reflect isolated structures and 
lower Eg values indicate larger domain structures (dimers, oligomers, clusters and 3D 
structures). The relationships between UV-vis Eg values and reference semiconductor 
metal oxide compounds with known structures have been established in recent years that 
allow determining the domain size of supported metal oxide catalysts.
35,36,37
 Fortunately, 
the ZSM-5 support is not a semiconductor and does not give rise to active UV-vis bands. 
Thus the UV-vis spectra only reflect the state of the supported MOx species on ZSM-5.  
The in situ UV-vis Eg values for the dehydrated supported MOx/ZSM-5 catalysts are 
given in Figure 5- 11 and compared with the Eg values of reference semiconductor 
compounds with known structures and supported MOx/AlOx/SiO2 catalysts. The 
dehydrated UV-vis DRS spectra of supported MOx/ZSM-5 catalysts are provided in 
Figure 5- 12 and Figure 5- 13. The Eg values for the dehydrated supported MOx/ZSM-5 
catalysts are extremely high indicating the exclusive presence of isolated surface MOx 
sites on ZSM-5 with a high degree of symmetry in their molecular structures. The UV-vis 
Eg value for the supported VOx/ZSM-5 catalysts corresponds to the region in which 
monomeric VOx and dimeric V2O7 structures overlap making a structural conclusion 
based on UV-vis difficult. Nevertheless, there is no reason to suspect that VOx would 
behave different than the other surface MOx species on ZSM-5 as will be shown below 
from Raman and XAS. 
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Figure 5- 11 UV-vis DRS edge energy, Eg, scale for reference metal oxide compounds with 
known structures and measured Eg values for dehydrated supported MOx/ZSM-5 catalysts, in 
which MOx is (A) VOx, dimer is V2O7 structure (B) CrOx, (C) MoOx, (D) WOx and (E) ReOx. 
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Figure 5- 12 In situ UV-vis DRS spectra of dehydrated MOx/ZSM-5, in which MOx= 2% 
V2O5 (left) and 2% CrO3 (right) for (A) MOx/ZSM-5 (Si/Al=140), (B) MOx/ZSM-5 (Si/Al=40), 
(C) MOx/ZSM-5 (Si/Al=25), and (D) MOx/ZSM-5 (Si/Al=15) under oxidizing conditions at 400 
o
C.   
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Figure 5- 13 In situ UV-vis DRS spectra of dehydrated supported MOx/ZSM-5, in which 
MOx = 2% MoO3 (left), 3% WO3 (center), and 3% Re2O7 (right) for (A) MOx/ZSM-5 
(Si/Al=140), (B) MOx/ZSM-5 (Si/Al=40), (C) MOx/ZSM-5 (Si/Al=25), and (D) MOx/ZSM-5 
(Si/Al=15) under oxidizing conditions at 400 
o
C. The small jump in the baseline at 360 nm is due 
to the window change of the light source and is an artifact in the spectra 
Supported V2O5/ZSM-5 catalysts  
The in situ UV-vis DRS spectra of the supported V2O5/ZSM-5 catalysts under dehydrated 
oxidizing conditions are shown in Figure 5- 12 (left). A single ligand-to-metal charge 
transfer (LMCT) transition of the O (2p) to V (d) orbital is centered at 277-286 nm and is 
more evident at higher Si/Al ratios.  The corresponding edge energy (Eg) values, which 
are presented in Figure 5- 12, are determined to be 3.5-3.6 eV and are consistent with 
isolated VO4 sites that are present for bulk Mg3V2O8 and Na3VO4 reference compounds
42
 
(3.5-3.9 eV) supported 5%V2O5/SiO2
11
 (3.5 eV), and supported 5% V2O5/5% 
Al2O3/SiO2
46
 (3.6 eV) catalysts.  The UV-vis transitions for crystalline V2O5 NPs at 236, 
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334, and 481 nm (Eg = 2.3 eV) and polymeric VO6 species at ~250 and 370 nm (Eg = 2.8 
eV) are not detected and signify that the isolated surface VO4 species are the dominant 
vanadia structures present on the ZSM-5 supports.
42,46
  
Supported CrO3/ZSM-5 catalysts 
The in situ UV-vis DRS spectra of the dehydrated supported CrO3/ZSM-5 catalysts under 
oxidative environments are provided in (right) and exhibit multiple LMCT transitions, 
with the corresponding Eg values given in Figure 5- 11.  For the alumina-rich ZSM-5-
supported CrOx catalysts (Si/Al=15 and 25), two LMCT transitions are present at 245 
and ~345 nm and the corresponding Eg values are 4.0 and 3.1 eV, respectively.  The 
spectral features for these supported CrOx/ZSM-5 catalysts match the UV-vis features for 
isolated surface CrOx species interacting with exposed alumina sites present in the 
dehydrated supported CrO3/SiO2-Al2O3 catalysts.
78,79,80
 The supported CrO3/ZSM-5 
(Si/Al=40) catalyst, which possesses an intermediate concentration of lattice alumina, 
gives rise to LMCT transitions at 245 and 335 nm with a small new band at 450 nm.  The 
former two bands are consistent with isolated surface CrOx species coordinated to 
exposed alumina sites and the small 450 nm band is indicative of isolated surface CrOx 
species interacting with exposed silica sites, with the latter representing the LMCT of the 
O (2p) to Cr (d) orbital of isolated surface CrOx species bound to silica (see Figure 5- 
11).  The major UV-vis band at 335 nm yields a corresponding Eg value of 3.1 eV, which 
confirms that the CrO3/ZSM-5 (Si/Al=40) catalyst primarily contains isolated surface 
CrOx species that are interacting with the exposed alumina sites.  For the silica-rich 
supported CrO3/ZSM-5 (Si/Al=140) catalyst, the LMCT transitions are centered at 305, 
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~350, and ~450 nm, and a new d-d transition is located at ~600 nm.  The UV-vis 
transition at ~600 nm and its corresponding Eg value of 1.9 eV fall in the Eg range for 
polymeric chromia species, such as dimeric O3Cr—O—CrO3 comprised in K2Cr2O7 and 
CoCr2O7 (Eg = 1.9 eV) and polymeric CrO4 chains found in Cr2O3 (Eg = 1.8 eV).  The 
~600 nm band polymeric species are associated with Cr2O3 NPs since the NPs are also 
detectable in the corresponding Raman spectra (Figure 5- 17).
80
  The LMCT band at 
~450 nm and the corresponding Eg value of ~2.5 eV are consistent with that of isolated 
surface CrOx species present for the model supported CrO3/SiO2 catalyst (Eg=2.4 eV).
42
  
The silica-rich supported CrO3/SiO2 (Si/Al=140) catalyst, thus, contains isolated surface 
chromia species and crystalline Cr2O3 NPs.  The formation of crystalline Cr2O3 NPs is 
due to the limited number of exposed alumina sites available for dispersion of the 
supported chromia phase on the ZSM-5 (Si/Al=140) support.  Therefore, isolated surface 
CrOx species are the dominant species for supported CrOx/ZSM-5 catalysts for the 
alumina-rich ZSM-5 supports (Si/Al=15, 25 and 40), and crystalline Cr2O3 NPs are also 
present on silica-rich ZSM-5 supports (Si/Al=140). 
Supported MoO3/ZSM-5 catalysts 
The in situ UV-vis DRS spectra of the dehydrated supported MoO3/ZSM-5 catalysts 
under oxidative environments are shown in Figure 5- 13 (left) and possess a single 
LMCT transition of the O (2p) to Mo (d) orbital centered at 242-245 nm for all Si/Al 
ratios of the ZSM-5 support. The absence of any d-d transitions at ~400 nm, 
characteristic to crystalline MoO3 NPs, indicates that this phase is either not present or 
only present in trace amounts.
42
  The corresponding Eg values for the molybdena species 
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at ~245 nm are approximately 4.6-4.9 eV and are listed in Figure 5- 11.  These LMCT 
and Eg values are different than the model supported MoO3/SiO2 system that contains 
surface O2Mo(=O)2 species coordinated to SiO2, which exhibits two LMCT transitions at 
~237 and 274 nm corresponding to an Eg value of 4.1 eV.
42 
 Rather, the supported 
MoO3/ZSM-5 catalysts are consistent with the supported MoO3/Al2O3/SiO2 catalyst 
system
46
, which exhibits a single LMCT at 217 nm with a corresponding Eg of 4.9 eV 
and are assigned to isolated surface O2Mo(=O)2 species.  The UV-vis spectra do not 
exhibit transitions for dimeric Mo2O7 dimer MgMo2O7 (Eg = 4.25 eV), 300 nm of linear 
chains of MoO4/MoO6 (Eg = 3.8 eV), 320 nm of clustered, distorted MoO6 (Eg = 3.7 eV), 
nor ~330 nm of polymeric MoO6 3D structure (Eg = 3.4 eV).  Therefore, the predominant 
surface molybdena species present in supported MoOx/ZSM-5 catalysts consist of 
isolated surface MoOx species that are fully oxidized. 
Supported WO3/ZSM-5 catalysts 
The in situ UV-vis DRS spectra of the dehydrated supported WO3/ZSM-5 catalysts under 
oxidizing conditions exhibit a strong LMCT transition of the O (2p) to W (d) orbital at 
215 nm for all Si/Al ratios as shown in Figure 5- 13 (center).  This single LMCT 
transition with a corresponding Eg of ~5.1 eV, listed in  Figure 5- 11, is consistent with 
the spectral profile and Eg value found for isolated surface WOx species interacting with 
alumina sites in the bilayered supported 3% WO3/5%Al2O3/SiO2 (Eg = 5.0 eV) catalyst.
46
  
The UV-vis spectra of the supported WOx/ZSM-5 catalysts with Si/Al=25 and 40 
(Figure 5- 13 B and C) exhibit an additional broad shoulder at ~270 nm with 
corresponding Eg = 4.1 eV that is similar to the LMCT band at 265 nm of the model 
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supported WO3/SiO2 catalyst (Eg = 4.1 eV).
42 
  Therefore, the minor second LMCT 
transition likely arises from surface WOx species interacting with the silica sites of the 
ZSM-5 (Si/Al=25 and 40) supports.  For the alumina-rich supported WO3/ZSM-5 
catalysts (Si/Al=15, 25, and 40), no transitions were detected at 262 and 320 nm assigned 
to linear chains of WO4/WO6 (Eg = 3.6 eV), 254 and 318 nm of clusters, distorted WO6 
(Eg = 3.4 eV) nor transitions at 267 and 328 nm of polymeric WO6 3D structure (Eg = 
2.8 eV).
46
  Only for the silica-rich supported WO3/ZSM-5 (Si/Al=140) catalyst, an 
apparent transition is detected at ~300 nm with a corresponding Eg of ~3.6 eV that is 
indicative of the polymeric WO6 molecular structure such as crystalline WO3 NPs.
42, 36
  
Thus, isolated surface WOx species are the predominant tungsten oxide species on the 
alumina-rich ZSM-5 supports (Si/Al ratios of 15, 25 and 40), and crystalline WO3 NPs 
are also present on silica-rich ZSM-5 support (Si/Al=140). 
Supported Re2O7/ZSM-5 catalysts 
The in situ UV-Vis DRS spectra of the dehydrated supported Re2O7/ZSM-5 catalysts 
under oxidative conditions give rise to a single LMCT transition at 234 nm of the O (2p) 
to Re (d) orbital as shown in Figure 5- 13 (right).  The corresponding Eg values are 4.9-
5.0 eV and are listed in in manuscript.  The band maxima and Eg values are consistent 
with isolated, distorted ReOx molecular structures present in bulk NH4ReO4 (Eg =3.9-4.0 
eV)
42
, supported Re2O7/SiO2
42
, and Re2O7/Al2O3/SiO2
46
 (Eg = ~4.8 eV) catalysts.  
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5.2.3. In situ Raman Spectroscopy 
The ZSM-5 zeolite of MFI-type, is a crystalline, microporous structure with a three-
dimensional lattice comprising of corner-sharing TO4 tetrahedral (T=Si, Al) and 
consisting of two sets of perpendicular, intersecting channels. When Al
3+
 substitutes for a 
Si
4+
of a TO4 tetrahedral, a proton or a cation is necessary to maintain charge neutrality.
38
 
The in situ Raman spectra of the dehydrated HZSM-5 supports are shown in Figure 5- 14.  
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Figure 5- 14 In situ Raman spectra (Visible-532 nm) of dehydrated parent H-ZSM-5 
containing (A) Si/Al=15, (B) Si/Al=25, (C) Si/Al=40, and (D) Si/Al=140 under oxidizing 
conditions at 450 
o
C. 
   
The in situ Raman spectra of HZSM-5 support exhibit the bending mode of six-
membered ring at 293 cm
-1
, bending mode of five-membered ring at 378 cm
-1
, the 
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bending mode of four-membered rings at 440-500 cm
-1
, the symmetric stretching 
vibrations of T-O bonds in ZSM-5 at ~810-820 cm
-1
 and asymmetric stretching vibrations 
of T-O bonds in ZSM-5 at 1080-1250 cm
-1
.
39,40,41
 It is important to note that HZSM-5 
does not possess Raman bands in the 900-1040 cm
-1
region since this is in which MOx 
vibrations usually occur.
42
 The in situ Raman bands of the dehydrated supported 
MOx/ZSM-5 catalysts are summarized in Table 5- 2 and discussed in details below. 
Table 5- 2 Positions of Raman bands (cm
-1
) for dehydrated MOx/ZSM-5 catalysts under 
oxidizing conditions 
Assignments VOx CrOx MoOx WOx ReOx 
v(M=O) 1038 (s) 1010 (m) 1027 (m) 1020 (w)  
vs(M(=O)2)  978 (s) 970-990 (s) 972-990 (w)  
vas(M(=O)2)  
a 
952 (m) 
a 
 
vs(M(=O)3)     1010 (s) 
vas(M(=O)3)     975 (m) 
vs(M—O—Support) 900 (vw) 900 (w) 900 (w) 
a a 
a
 Vibration too weak to be observed. 
*Bending mode of O-M-O is obscured by the T-O bending modes of ZSM-5 support 
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Supported VOx/ZSM-5 
The in situ Raman spectra of the dehydrated supported V2O5/ZSM-5 catalysts under 
oxidizing conditions are presented in Figure 5- 15 as a function of Si/Al ratio.  
 
Figure 5- 15 In situ Raman spectra (442 nm) of dehydrated supported (A) 3% V2O5/ZSM-5 
(Si/Al=15), (B) 3% V2O5/ZSM-5 (Si/Al=25), (C) 2% V2O5/ZSM-5 (Si/Al=40), (D) 2% V2O5/ZSM-
5 (Si/Al=140) under oxidizing conditions at 450 
o
C 
The absence of crystalline V2O5 NPs, characteristic sharp Raman band at 994 cm
-1
, with 
the exception of a trace amount of crystalline V2O5 NPs for supported V2O5/ZSM-5 
(Si/Al=140) having the lowest Al content, indicates that the supported vanadia phase is 
completely dispersed as surface species on the ZSM-5 support. The vanadia loading was 
decreased from 3% to 2% V2O5 for the two catalysts with the lowest content of alumina, 
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Si/Al=40 and 140, to minimize formation of V2O5 NPs since they formed on these   
ZSM-5 supports at higher vanadia loading. The Raman band at 1038 cm
-1
 is consistent 
with the mono-oxo O=VO3 structure present in the model supported V2O5/SiO2
42,43,44,45
 
(1038 cm
-1
), bilayered supported V2O5/AlOx/SiO2
46
 (1035 cm
-1
), H3SiMo11VO40 
Keggins
47
 (1034 cm
-1
) and DFT structural calculations of V2O5/SiO2
48,49,50
 (1038-1047 
cm
-1
). Time-resolved isotopic oxygen exchange with H2
18
O (Figure 5- 16) further 
confirms the mono-oxo V=O nature of the surface VO4 sites, that shifts from 1038 to 997 
cm
-1
 for V=
16
O to V=
18
O, respectively, as previously reported for mono-oxo V=O 
structures.
51
 The corresponding bending O—V—O (δ) and V—O—support modes are 
expected to occur at ~340 cm
-1
 (δ) and ~900 cm-1, respectively, but strong Raman bands 
of the ZSM-5 support in the same region make their detection difficult. The weak and 
broad band at ~530 cm
-1 
is tentatively assigned to the vs(V—O—V) vibration of a small 
amount of oligomeric surface VO4 species.
51,52 
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Figure 5- 16 Isotopic 
18
O-exchange time-resolved in situ Raman spectra (442 nm) of 
dehydrated 3 % V2O5/ZSM-5 (Si/Al=15) catalyst upon exposure to H2
18
O at 500 
o
C for (a) 0 min, 
(b) 5 min, (c) 10min, (d)15 min, (e) 20min, (f) 25min, (g)30min, (h) 35min, (i) 40min, (j) 50 min 
and (k) 60 min 
 154 
Supported CrO3/ZSM-5 
The in situ Raman spectra of dehydrated supported 2% CrO3/ZSM-5 catalysts under 
oxidizing conditions are shown in Figure 5- 17 as a function of Si/Al ratio.  
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Figure 5- 17 In situ Raman spectra (442 nm, left; and 325 nm, right) of dehydrated 
supported (A) 2% CrO3/ZSM-5 (Si/Al=15), (B) 2% CrO3/ZSM-5 (Si/Al=25), (C) 2% CrO3/ZSM-
5 (Si/Al=40), and (D) 2% CrO3/ZSM-5 (Si/Al=140) under oxidizing conditions at 500 
o
C. 
A trace amount of crystalline Cr2O3 NPs with characteristic sharp Raman band at  545 
cm
-1
 is present only on Si-rich CrO3/ZSM-5 (Si/Al=140). In general, surface CrOx 
species are completely dispersed surface CrOx species on the ZSM-5 supports. The 
Raman spectrum of the ZSM-5 containing the highest amount of Al, Si/Al=15 ratio, 
could not be collected with 442 nm excitation because of sample fluorescence, but was 
successfully collected with 325 nm excitation and does not exhibit the vibrations of 
Cr2O3 NPs (see Figure 5- 17). The supported CrO3/ZSM-5 catalysts have two strong 
vibrations at 978 and 1010 cm
-1
 which correspond to the dioxo νs((O=)2CrO2) and mono-
oxo νs(O=CrO4) stretching modes, respectively.
42,51
 The corresponding weak 
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νas((O=)2CrO2) stretch is expected to appear at ~1010-1015 cm
-1
, but is not readily 
evident against the strong mono-oxo O=CrO4 vibration at this location. Excitation with 
325 nm resonance enhances the dioxo (O=)2CrO2 species resulting in a strong and a weak 
band at 978 cm
-1
 and 1010 cm
-1
, respectively. It is not clear if the weak band at 1010 cm
-1
 
is related to the dioxo νas((O=)2CrO2) or mono-oxo νs(O=CrO4) stretches, but the 
different dependence of the intensity of the major Raman bands at 978 and 1010 cm
-1
 
with laser excitation confirms that the two bands arise from two distinct surface chromia 
structures on the ZSM-5 support.  
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Supported MoO3/ZSM-5 
The in situ Raman spectra of dehydrated supported 2% MoO3/ZSM-5 catalysts under 
oxidizing conditions are given in Figure 5- 18 as a function of Si/Al ratio.  
 
Figure 5- 18 In situ Raman spectra (442 nm) of dehydrated supported (A) 2% MoO3/ZSM-5 
(Si/Al=15), (B) 2% MoO3/ZSM-5 (Si/Al=25), (C) 2% MoO3/ZSM-5 (Si/Al=40), and (D) 2% 
MoO3/ZSM-5 (Si/Al=140) under oxidizing conditions at 500 
o
C. All the catalysts were calcined at 
500 
o
C.  
Crystalline MoO3 NPs has characteristic sharp vibration at 815 cm
-1
. The absence of this 
band is evident of the presence of only dispersed surface MoOx species on the ZSM-5 
support, but do form on the Si-rich ZSM-5 supports (Si/Al=40 and 140) at higher 
molybdena loadings. The nature of the surface MoOx species on ZSM-5 is sensitive to 
the Si/Al ratio. For the alumina-rich catalyst of Si/Al=15, the MoOx vibrations occur at 
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~960 (weak shoulder), 993 (strong) and ~1030 cm
-1
(very weak, broad). For Si/Al=25 and 
40, the MoOx vibrations appear at 970 (strong) and ~1027 (weak, broad) cm
-1
. For the 
alumina-lean catalyst of Si/Al=140, the MoOx vibrations are present at ~960 (medium, 
broad), 985 (strong) and ~1027 (weak, broad) cm
-1
. The changing intensities of the 
Raman bands at 970, 993, 985 and 1027 cm
-1
 with Si/Al ratio reflect the presence of four 
distinct surface MoOx species on the ZSM-5 support. Time-resolved in situ Raman 
spectroscopy during isotopic oxygen exchange with H2
18
O provided additional structural 
details about the surface MoOx species (see Figure 5- 19). 
 
Figure 5- 19 Isotopic 
18
O-exchanged time-resolved in situ Raman spectra of 2 % 
MoO3/ZSM-5 (Si/Al=25) upon exposure to H2
18
O at 400 
o
C for (a) 0 min, (b) 5min, (c) 10 min, (d) 
15 min, (e) 20 min, (f) 55 min, (g) 115 min 
For the MoOx/ZSM-5 (Si/Al=40) catalyst, the 970 cm
-1
 band shifts to 963 cm
-1
 and 
ultimately to 920 cm
-1
 and the broad band at 1027 cm
-1
 shifts to 1003 cm
-1
. The shift 
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patterns of 970 cm
-1
 and 1026 cm
-1
 are in accordance with the assignment of dioxo 
νs((O=)2MoO2) and mono-oxo νs(O=MoO4) species, respectively. The isotopic oxygen 
exchange pattern for the MoOx/ZSM-5 (Si/Al=15) catalyst is consistent with a dioxo 
species (see Figure 5- 19). The Raman band at 985 cm
-1
 for the alumina-lean 
MoOx/ZSM-5 (Si/Al=140) catalyst coincides with the vibration observed for dioxo 
(O=)2MoO2 species on amorphous SiO2 and is assigned to dioxo (O=)2MoO2 species 
anchored at external Si-OH sites. Recent DFT calculations have provided additional 
details about the different surface MoOx species on the ZSM-5 support.
53
 The 993 cm
-1
 
band, only observed for the Al-rich Si/Al=15 support, is associated with dioxo 
(O=)2MoO2 species anchored at double Al-Al sites in the same silicate ring. The 970 cm
-1
 
band, which is dominant for intermediate Al-containing Si/Al=25 and 40 supports, 
corresponds to dioxo(O=)2Mo(OH)O species anchored at single Al sites in the silicate 
ring. The 985 cm
-1
 band, which is dominant for low Al content ZSM-5 (Si/Al=140) is 
associated with dioxo (O=)2MoO2 species anchored at external double Si-Si sites. The 
broad band centered at ~1027 cm
-1
 is found to be related to mono-oxo O=MoO4 species 
anchored at extra-framework Al2O3 NPs.
54
 Thus, the multiple available anchoring sites in 
the ZSM-5 support are responsible for the presence of four distinct surface MoOx species.
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Supported WO3/ZSM-5 
The in situ Raman spectra of dehydrated supported 3% WO3/ZSM-5 catalysts under 
oxidizing conditions are presented in Figure 5- 20 as a function of Si/Al ratio. 
  
Figure 5- 20 In situ Raman spectra (532 nm) of dehydrated supported (A) 3% WO3/ZSM-5 
(Si/Al=15), (B) 3% WO3/ZSM-5 (Si/Al=25), (C) 3% WO3/ZSM-5 (Si/Al=40), and (D) 3% 
WO3/ZSM-5 (Si/Al=140) under oxidizing conditions at room temperature following oxidative 
dehydration at 600 
o
C 
A trace of crystalline WO3 with characteristic strong Raman bands at 718 and 805 cm
-1
 is 
only present on the Al-lean WO3/ZSM-5 (Si/Al=140) catalyst. In general, surface WOx 
species are completely dispersed on the Al-rich ZSM-5 supports (Si/Al=15, 25 and 40). 
The strong Raman bands from crystalline WO3 NPs usually have enhanced light 
scattering of ~100x greater than that for dispersed surface WOx species. The sharp 
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Raman bands of WO3 NPs represent only a small amount of WO3 crystallites.
55
 For the 
Al-rich ZSM-5 (Si/Al=15), the surface WOx Raman bands occur at 990 (strong) and 
1020 (weak) cm
-1
. At intermediate Al-containing ZSM-5 (Si/Al=25 and 40), the Raman 
bands occur at ~972 (strong) and 1020 (weak) cm
-1
. For the Si-rich ZSM-5 (Si/Al=140), 
Raman bands at are present at 718/805 (strong), 972 (medium) and 1020 (weak) cm
-1
. 
The surface WOx species give rise to Raman vibrations that are analogous to that found 
above for surface MoOx species on ZSM-5 and suggest the following: the 990 cm
-1 
band 
is related to dioxo (O=)2WO2 sites anchored at double Al-Al sites in the silicate ring, the 
972 cm
-1
 band is associated with dioxo (O=)2W(OH)O anchored at single Al sites in the 
silicate rings, and the 1020 cm
-1
band represents mono-oxo O=WO4 species anchored at 
extra-framework Al2O3 NPs or silicate defect sites.  
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Supported Re2O7/ZSM-5 
The in situ Raman spectra of the dehydrated supported 3% ReOx/ZSM-5 catalysts under 
oxidizing conditions are presented in Figure 5- 21 as a function of Si/Al ratio.  
 
Figure 5- 21 In situ Raman spectra (325 nm) of dehydrated supported (A) 3% Re2O7/ZSM-5 
(Si/Al=15), (B) 3% Re2O7/ZSM-5 (Si/Al=25), (C) 3% Re2O7/ZSM-5 (Si/Al=40), and (D) 3% 
Re2O7/ZSM-5 (Si/Al=140) under oxidizing conditions at 400 
o
C. The dehydrated ZSM-5 
(Si/Al=140) support is provided in (E) for reference with 325 nm excitation energy. 
Crystalline Re2O7 particles (major sharp Raman bands at 993, 854, 831, and 798 cm
-1
) 
are not present on any of the supported ReOx/ZSM-5 because of the known volatility of 
such particles.
56
 The surface ReOx species exhibit two vibrations at 1010 (strong) and 
975 (weak) cm
-1
 independent of ZSM-5 Si/Al ratio suggesting that only one surface 
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ReOx species is present on the ZSM-5 support. The similar vibrations from trioxo 
ReOx/SiO2 and pseudo-trioxo (dioxo) ReOx/Al2O3 complicate discrimination between 
these two anchoring sites.
42,46
 The weaker Raman intensity from the surface ReOx 
species of the silica-rich ZSM-5 support (Si/Al= 140) indicates that ReOx volatilized 
from this catalyst during calcination and reflects the lower number of available alumina 
anchoring sites on this ZSM-5 support. 
The Raman spectra of trioxo and pseudo trioxo (dioxo) surface ReOx species are quite 
similar and 
18
O-
16
O isotopic exchange experiments are required to distinguish between 
these two possibilities, but were not successful due to the volatility of ReOx species at 
prolonged heating and Raman fluorescence of ZSM-5 at low temperature.
51,57 
Raman 
bands from bridging Re-O-Re bonds
46
 at 456 (νs) and 186 (δ) cm
-1
 are absent suggesting 
isolated surface ReOx sites on the ZSM-5 support. Additional molecular structural details 
about the surface ReOx species are provided below from in situ XAS measurements. 
5.2.4. In situ X-ray Absorption Spectroscopy (XAS) 
X-ray absorption spectroscopy provides information about the metal oxide local 
coordination (MO4 vs. MO6), oxidation state and next nearest neighbors (M=O and M-O 
in the first coordination sphere and M-O-M in the second coordination sphere).
58,59
 The 
information of local coordination and oxidation state is contained in the X-ray absorption 
near edge spectroscopy (XANES) portion and the nearest neighbor details are provided 
by the extended X-ray absorption fine structure (EXAFS) region. The XANES 
discriminates from different oxidation states because the edge energy shows significant 
edge shifts (binding energy shifts) with oxidation state. The XANES also discriminates 
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tetrahedral MO4 from octahedral MO6 coordination because the pre-edge transition is 
allowed and forbidden, respectively, due to the coordination symmetry selection 
rules.
58,59,60
 The EXAFS portion contains information about the distances of atoms 
surrounding the cations (M=O, M-O-Si/Al and M-O-M). It is important to note that the 
XAS signals provide an average of all coordination and next nearest neighbors. Thus, in 
situations which more than one MOx structure on the ZSM-5 supports the XAS spectrum 
will be an average of the multiple sites. Nevertheless, XAS does provide important 
structural details about the MOx species present on the ZSM-5 support that aid in 
molecular structural determination.  
The in situ XAS spectra of the dehydrated supported MOx/ZSM-5 catalysts and their 
corresponding reference compounds are presented in figures from Figure 5- 22 and 
Figure 5- 26. The EXAFS results are summarized in Table 5- 3. 
Table 5- 3 Summary of dehydrated surface MOx molecular structures on ZSM-5 supports 
from in situ XAS 
Metal ions Coordination M=O bond M-O-Al/Si bond M-O-M bond 
V VO4 Yes Yes No 
Cr CrO4/CrO5/CrO6 Yes Yes No 
Mo MoO4/MoO5/MoO6 Yes Yes No
a
 
W WO4/WO5/WO6 Yes Yes No
a
 
Re ReO4 Yes Yes No 
a Exception only observed on WOx/ZSM-5 (Si/Al=140) when WO3 NPs were present 
NOTE: there was some M-O-M for Si/Al=140 for MoOx and WOx. 
Supported V2O5/ZSM-5 
The in situ XANES spectra reveal that dehydrated surface VOx species on ZSM-5 has a 
strong pre-edge intensity characteristic of VO4 coordination as shown for sodium 
orthovanadate (Na3VO4) and magnesium pyrovanadate (Mg2V2O7) reference compounds 
containing VO4 coordination (see Figure 5- 22) and not that of the much weaker XANES 
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intensity of vanadium pentoxide V2O5 containing distorted square-pyramidal VO5 
structure.
61
  
 
Figure 5- 22 Vanadium k-edge in situ XANES (left) and EXAFS (right) of supported 3% 
V2O5/ZSM-5 (Si/Al=25) (labeled as 3VZ25) under dehydrated condition (500 
o
C for 30 mins, and 
full XAS collection at 110 
o
C) and dimeric V2Ox and monomeric VOx reference compounds 
Mg2V2O7 and Na3VO4, respectively. 
The corresponding in situ EXAFS spectrum of supported VOx/ZSM-5 reveals the 
presence of V=O (~1Å) and V-O-Al/Si (~2Å) bonds in the first coordination sphere, but 
not a feature at ~3Å characteristic of V-O-V in the second coordination sphere. Although 
x-ray scattering is strongest from the terminal V=O bonds, the absence of the appearance 
of V-O-V bonds suggests that the dominant surface VOx sites are isolated on the ZSM-5 
support. The in situ Raman spectra indicate that only one surface VOx structure is present 
for supported V2O5/ZSM-5 catalysts (see Figure 5- 15). Initial surface VOx species are 
monomeric and fully oxidized O=VO3 species on ZSM-5 support. 
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Supported CrO3/ZSM-5 
The in situ XANES pre-edge intensity for dehydrated supported CrO3/ZSM-5 is 
intermediate between that of the CrO4 coordinated reference compounds ((NH4)2CrO4 
(isolated CrO4 sites) and (NH4)2Cr2O7 (dimeric O3Cr-O-CrO3 sites)) and CrO6 
coordinated Cr2O3 (see Figure 5- 23). 
 
Figure 5- 23 Chromium k-edge in situ XANES (left) and EXAFS (right) of supported 2% 
CrO3/ZSM-5 (Si/Al=25) (labeled as 2CrZ25) under dehydrated condition (500 
o
C for 30 mins, 
and full XAS collection at 110 
o
C in flowing He) and Cr2O3 (CrO6 coordinated sites), CrO3 
(polymeric CrO4 chain), (NH4)2CrO4 (isolated CrO4 sites) and (NH4)2Cr2O7 (dimeric O3Cr-O-
CrO3 sites) isolated reference compounds. 
The intermediate XANES pre-edge intensity indicates that the surface CrOx sites on 
ZSM-5 consist of a mixture of both CrO4 and CrO5/CrO6 coordinated sites, which is 
consistent with the observation of multiple surface CrOx sites on ZSM-5 detected with in 
situ Raman spectroscopy (see Figure 5- 17). The corresponding in situ EXAFS spectra 
for the reference compounds contain the Cr=O (~1Å), Cr-O (~2Å) and Cr-O-Cr (~3Å) 
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bonds. The presence of Cr-O-Cr bonds in the second coordination sphere of Cr2O3 at ~3Å 
is pronounced but very weak for the dimeric (NH4)2Cr2O7 reference compound, which 
suggests a high degree of disorder in the structure of (NH4)2Cr2O7. Surprisingly, a high 
degree of disorder also persists for oligomeric CrO3 since it also does not exhibit an 
EXAFS feature in the second coordination sphere. Thus, it is not possible to easily 
determine if oligomeric chromia sites are present on ZSM-5 just based on EXAFS 
analysis alone. The EXAFS spectra do indicate that surface CrOx on ZSM-5 contains 
short Cr=O (~1Å) and longer Cr-O-Al/Si (~2Å) bonds. 
Supported MoO3/ZSM-5 
The in situ XANES pre-edge intensity for dehydrated supported MoO3/ZSM-5 is 
intermediate between that of the MoO4 coordinated reference compounds Al2(MoO4)3 
(isolated MoO4 sites) and MoO3 (oligomeric MoO6 sites)) (see Figure 5- 24).  
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Figure 5- 24 Molybdenum k-edge in situ XANES (left) and EXAFS (right) of supported 2% 
MoO3/ZSM-5 (Si/Al=15, 25, 140) (labeled as 2MoZ15, 2MoZ25 and 2MoZ140, respectively) 
under dehydrated condition (500 
o
C for 30 mins, and full XAS collection at 110 
o
C in flowing 
10% O2/He) and reference compounds phosphomolybdate acid (Mo-HPA, mono-oxo MoO6 
containing cluster), and Al2(MoO4)3 (isolated tetrahedral MoO4) and MoO3 (oligomeric MoO6 
structure) 
The intensity of the XANES pre-edge for supported MoOx/ZSM-5 also varies slightly 
with Si/Al ratio and is lowest for the highest Si/Al ratio. With the exception of the 
supported MoOx/ZSM-5 (Si/Al=140), the XANES pre-edge intensity for the other 
catalysts are stronger than for the mono-oxo MoO6 containing cluster. The intermediate 
pre-edge intensity and its dependence on the Si/Al ratio indicates that the surface MoOx 
sites on ZSM-5 consist of a mixture of both MoO4 and MoO5/MoO6 coordinated sites, 
which is consistent with the observation of multiple surface MoOx sites on ZSM-5 
detected with in situ Raman spectroscopy (see Figure 5- 18). The corresponding in situ 
EXAFS spectra for the reference compounds contain the short Mo=O (~1-1.5 Å), long 
Mo-O (~2 Å) and oligomeric Mo-O-Mo (~3Å) bonds. The presence of Mo-O-Mo bonds 
in the second coordination sphere of MoO3 and dehydrated HPA at ~3Å is pronounced. 
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The isolated MoO4 sites in Al2(MoO4)3 do not exhibit the Mo-O-Mo bond at ~3Å. The 
details of the EXAFS spectra of the dehydrated supported MoOx/ ZSM-5 catalysts vary 
with Si/Al ratio reflecting the different surface MoOx sites present on ZSM-5. The strong 
features at ~1 and ~1.5Å are associated with Mo=O bonds, reflecting the presence of 
multiple sites, and the weaker feature at ~2Å is associated with Mo-O-Al/Si bonds. The 
2MoZ140 catalyst has an EXAFS feature at ~3Å suggesting the presence of some 
oligomeric Mo-O-Mo sites on the Al-lean ZSM-5 support (Si/Al=140). 
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Supported WO3/ZSM-5 
The XANES pre-edge intensity for the WOx reference compounds strongly depends on 
the local coordination: isolated WO4-containing CeWO4 exhibits the strongest intensity; 
the mono-oxo WO6-containing cluster indicates an intermediate intensity and the 
oligomeric WO6-containing WO3 with almost no pre-edge intensity. The intensity of the 
in situ XANES pre-edge for dehydrated supported WO3/ZSM-5 is intermediate between 
that of the WO4 coordinated reference compound CeWoO4 (isolated WO4 sites) and WO3 
(oligomeric WO6 sites) (see Figure 5- 25).  
  
Figure 5- 25 Tungsten L1-edge in situ XANES (left) and EXAFS (right) of supported 2% 
WO3/ZSM-5 (Si/Al=15, 25, 40,140) (labeled as 15, 25 and 140, respectively) under dehydrated 
condition (500 
o
C for 30 mins, and full XAS collection at 110 
o
C in flowing he) and reference 
compounds phosphotungstate acid (W-HPA, mono-oxo WO6 containing cluster), Ce2(WO4)3 
(isolated WO4) and WO3 (oligomeric WO6 structure) 
The intensity of the XANES pre-edge for supported WO3/ZSM-5 also varies slightly with 
Si/Al ratio and is lowest for the highest Si/Al ratio. With the exception of the supported 
WO3/ZSM-5 (Si/Al=140), the XANES pre-edge intensity for the other catalysts are 
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stronger than for the mono-oxo WO6 containing cluster indicating that the surface WOx 
sites on ZSM-5 consist of a mixture of both WO4 and WO5/WO6 coordinated sites, which 
is consistent with the observation of multiple surface WOx species on ZSM-5 detected 
with in situ Raman spectroscopy (see Figure 5- 20). The corresponding EXAFS spectra 
for the reference W compounds reflect the presence of short W=O (~1-1.5Å), long W-O 
(~2Å) and oligomeric W-O-W (~3Å) bonds. The features of the W-O-W bonds in the 
second coordination sphere of WO3 and dehydrated PWA at ~3Å is not pronounced for 
the tungsten oxide compounds, which makes determination of dimeric or oligomeric 
tungstates somewhat difficult. The details of the in situ EXAFS spectra of the dehydrated 
supported WO3/ZSM-5 catalysts vary with Si/Al ratio reflecting the different surface 
WOx sites present on ZSM-5. The strong features at ~1 and ~1.5Å are associated with 
W=O bonds, reflecting the presence of multiple sites, and the weaker feature at ~2Å is 
associated with Mo-O-Al/Si bonds. Only 2WZ140 catalyst has an EXAFS feature at ~3Å 
suggesting the presence of some oligomeric W-O-W sites on the Si-rich ZSM-5 support.   
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Supported Re2O7/ZSM-5 
The in situ XANES pre-edge for dehydrated supported ReOx/ZSM-5 matches the 
intensity of the ReO4 coordinated trioxo(triphenylsilyloxy) rhenium(VII) ((O=)3Re-(O-
Si-(C6H5)3) reference compound and not the ReO6 coordinated ReO3 reference compound 
(see Figure 5- 26).  
 
Figure 5- 26 Rhenium L1-edge in situ XANES (left) and EXAFS (right) of supported 3% 
Re2O7/ZSM-5 (Si/Al=15) (500 
o
C for 30 mins, and full XAS collection at 110 
o
C in flowing He), 
and reference compounds ReO3 (ReO6 structure) and trioxo(triphenylsilyloxy)rhenium(VII) 
(Trioxo(TPS)-Re, isolated trioxo ReO4 structure) 
The similar strong XANES pre-edge intensity for both the supported ReOx/ZSM-5 and 
the trioxo (O=)3Re-Si reference compound strongly supports the presence of trioxo 
surface (O=)3ReO-Al/Si sites on ZSM-5. Pseudo-trioxo (dioxo) structures were also 
proposed on Al2O3 support
54
, but it has a weaker XANES pre-edge intensity than 
trioxo(triphenylsilyloxy) rhenium (VII), therefore, pseudo-trioxo (dioxo) structure is not 
present on Re2O7/ZSM-5 catalysts. The corresponding in situ EXAFS spectra contain the 
Re=O bond (~1Å) and Re-O-Al/Si (~2Å). The absence of strong EXAFS Re-O-Re 
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features at ~3Å suggests that the trioxo surface ReO4 sites are present as isolated sites on 
the ZSM-5 support. The in situ Raman spectra (see Figure 5- 21) indicate that only one 
surface ReOx structure is present for supported Re2O7/ZSM-5 catalysts. 
To sum up, only the supported V2O5/ZSM-5 and Re2O7/ZSM-5 catalysts contain one 
surface metal oxide structure while multiple metal oxide structures are present for the 
other supported MOx/ZSM-5 (M = Cr, Mo and W) catalysts as discovered above from 
the in situ Raman spectra (see Figure 5- 15). The XAS spectra of supported VOx/ZSM-5 
indicate that the surface VOx site possesses VO4 coordination and is isolated on the 
ZSM-5 support as shown in Figure 5- 22. The XAS spectra of supported CrO3/ZSM-5 
reflect the presence of both CrO4 and CrO5/CrO6 sites that are isolated on the ZSM-5 
support (see Figure 5- 23). The XAS spectra of the supported MoO3/ZSM-5 suggest the 
presence of both isolated MoO4 and MoO5/MoO6 sites with their relative abundance 
varying with Si/Al ratio (see Figure 5- 24). The supported WOx/ZSM-5 catalysts exhibit 
the same trends as for supported MoO3/ZSM-5 catalysts (see Figure 5- 25). The XAS 
spectra of supported Re2O7/SZSM-5 reflect the presence of an isolated surface ReO4 site 
that is independent of Si/Al ratio (see Figure 5- 26). 
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In summary, the surface MOx sites on ZSM-5 are isolated and tend to favor surface MO4 
coordination; a small amount of surface MO5/MO6 coordinated sites are also found for 
the supported group 6 supported MOx/ZSM-5 (M=Cr, Mo and W) catalysts. The 
molecular structures of each supported MOx/ZSM-5 catalysts are provided in Figure 5- 
27. 
 
Figure 5- 27 Schematic of surface MOx species for A) V2O5/ZSM-5, B) CrO3/ZSM-5, C) 
MoO3/ZSM-5, D) WO3/ZSM-5, and E) Re2O7/ZSM-5 catalysts.  In all systems, the surface MOx 
species preferentially anchor on the framework AlOx sites inside the zeolite pores.  Surface 
molybdena species in MoO3/ZSM-5 catalysts consist of distorted dioxo species. 
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5.3. Discussion 
5.3.1. Supported V2O5/ZSM-5 
The surface vanadia species on ZSM-5 are fully oxidized as V
+5
 in oxidizing 
environments as indicated by the location of the in situ XANES pre-edge energy and 
absence of d-d transitions from the in situ UV-vis spectra (see Figure 5- 22 and Figure 
5- 12). The VO4 coordination of the surface vanadia species on ZSM-5 is confirmed by 
the pronounced in situ XANES pre-edge feature (see Figure 5- 22). The dehydrated 
surface vanadia species on the ZSM-5 supports are primarily present as isolated, mono-
oxo surface O=V(—O)3 species. The mono-oxo structure is reflected by the position of 
the in situ Raman band at 1038 cm
-1
 that is characteristic of mono-oxo V=O bonds.
42
 The 
absence of V—O—V features in the second coordination sphere of the in situ FT-EXAFS 
(see Figure 5- 22) confirms that the surface VO4 species are predominantly isolated. The 
in situ UV-vis Eg value overlaps the values expected for isolated and dimeric vanadia 
species, which prevents determination of the VOx domain size (see Figure 5- 12). A 
minor amount of oligomeric (VO4)n may also be present because of the in situ Raman 
band at ~530 cm
-1
 may reflect the vs(V-O-V) stretching mode (see Figure 5- 15). 
The proposal that the surface VOx species on ZSM-5 supports are present as reduced 
VO
+2
 sites is not supported by the present in situ UV-vis and XANES findings, as well as 
other recent EXAFS studies
61
, that confirm the surface VOx species are fully oxidized as 
V
+5
. The high sensitivity of ESR and photoluminescence spectroscopy to traces of V
+4
 
species probably accounts for previous detection of a trace amount of reduced surface 
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vanadia species under vacuum conditions.
43 
Surface dioxo VO2
+
 monomers and dimeric 
V2O4
2+
 structures were also proposed to be present for supported VOx/ZSM-5 catalysts 
(Si/Al~13.4) from both Raman measurements (band at 1065-1076 cm
-1
) and DFT 
calculations.
61
 The vibration of 1065-1076 cm
-1
 is too high for terminal V=O bonds since 
mono-oxo V=O structures vibrate in the 1015-1040 cm
-1 
range
42
 and dioxo O=V=O 
bonds would give rise to vs and vas vibrations at even lower wavenumbers.
62
 Raman 
bands at ~1070 cm
-1
 have been shown to originate from Si-O vibrations and are not 
associated with surface vanadia species.
39,40,41
 The proposed dimeric surface V2O4
2+
 
species on ZSM-5 can’t be a significant species as indicated by the unique presence of 
V=O bond in the FT-EXAFS.
61
 Similarly, the FT-EXAFS spectra of supported 
V2O5/ZSM-5 catalysts prepared by solid-state thermal dispersion of crystalline V2O5 on 
H-ZSM-5 revealed the disappearance of neighboring V—O—V bonds as the crystalline 
V2O5 particles transformed into a dispersed state at elevated temperatures.
43
 The current 
in situ FT-EXAFS spectra of supported V2O5/ZSM-5 prepared by incipient wetness 
impregnation consistently indicates the absence of V—O—V coordination. Thus, 
regardless of catalyst synthesis method (impregnation, sublimation, aqueous exchange or 
solid-state thermal dispersion), the dehydrated surface vanadia species on the ZSM-5 
supports are primarily present as isolated, mono-oxo O=VO3 species under oxidizing 
conditions. 
Supported VOx species preferably anchor at surface Br nsted acid Al-(OH)
+
-Si and 
extra-framework Al-OH sites of ZSM-5 at low vanadia loadings (see Figure 5- 1). The 
dispersion of vanadium oxide on ZSM-5 depends on the availability of these surface 
hydroxyl sites, especially Br nsted acid Al-(OH)
+
-Si sites, since limiting their availability 
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results in formation of V2O5 NPs. Given that three anchoring sites are required for mono-
oxo O=V(-O)3 species, the anchoring mode to the ZSM-5 must involve both adjacent Al 
and Si sites. At high vanadia loadings, the supported VOx species also create new surface 
V-OH or V-(OH)
+
-Al hydroxyl sites. Wichterlova et al.
63
 claimed that surface VOx 
species anchor at surface Brønsted acid and external silanol sites, but the IR spectra were 
collected under ambient condition in which the VOx species and ZSM-5 support are 
hydrated and not representative of the catalyst at elevated temperature at which the 
surfaces are dehydrated. Lacheen et al.
61
 observed a monotonic decrease in the surface 
Brønsted acid hydroxyls with increasing V/Alframework ratio as well as consumption of a 
small number of external silanols in their in situ IR spectra.  
5.3.2. Supported CrO3/ZSM-5  
The dehydrated surface CrOx species on ZSM-5 are fully oxidized as Cr
+6
Ox species as 
indicated by the location of the in situ XANES pre-edge energy and high Eg values from 
the in situ UV-vis spectra (see Figure 5- 23 and Figure 5- 12, respectively).  The 
intermediate intensity of the XANES pre-edge feature indicates that both CrO4 and 
CrO5/CrO6 coordinated structures are present for supported CrOx/ZSM-5 catalysts (see 
Figure 5- 23). The surface CrOx sites are isolated on ZSM-5 because of the high UV-vis 
Eg value (see Figure 5- 11) and absence of vs(Cr-O-Cr) vibrations from the Raman 
spectra (see Figure 5- 17). The Raman spectra also reveal the presence of two distinct 
surface CrOx structures that have previously been assigned to surface dioxo (O=)2CrO2 
(~978 cm
-1
) and mono-oxo O=CrO4 (~1010 cm
-1
) species.
42
 Crystalline Cr2O3 NPs are 
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only present on ZSM-5 (Si/Al=140), having the lowest number of surface Br nsted acid 
Al-(OH)
+
-Si sites.
64
  
Isolated dioxo and trioxo CrOx species, polychromate species and Cr2O3 NPs species 
were proposed present on supported CrO3/ZSM-5 as reviewed in Chapter 1. The in situ 
EXAFS indicates the major presence of Cr=O bond in the first coordination shell and the 
presence of a small amount of Cr2O3 NPs with weak Cr-O-Cr bond at 0.25-0.42 nm at the 
second and third coordination shells. This analysis neglects the possible presence of 
multiple surface CrOx species on the ZSM-5 support, which are known to be present on 
other oxide support materials such as SiO2, Al2O3 and Al2O3/SiO2.
42,46
 Mimura and 
Yamashita et al.
23
 performed in situ XAS measurements of supported CrOx/ZSM-5 
(Si/Al=940) with a very high Si/Al ratio and observed Cr-O-Cr coordination indicating 
the presence of Cr2O3 NPs. The findings of Yamashita et al. are not self-consistent and in 
variance with the findings in the present measurements under dehydrated conditions.  
The surface CrOx species preferentially anchor at the ZSM-5 extra-framework Al-OH 
sites at low loading and external Si-OH sites at high loading (see Figure 5- 3 and Figure 
5- 4). New surface Cr-OH or Cr-(OH)
+
-Al hydroxyls are also created by deposition of 
chromia on ZSM-5 and complicate determination if surface Brønsted acid Al-(OH)
+
-Si 
sites are also serving as anchoring sites for the surface CrOx species. The manner in 
which the dioxo and mono-oxo surface CrOx species anchor to the ZSM-5 support is still 
not clear. Slinkin et al.
64
 reported that surface CrOx species anchor at surface Brønsted 
acid sites of ZSM-5, but these IR studies were performed under ambient conditions in 
which the catalyst surface is hydrated and not representative of the actual catalysts under 
dehydrated conditions as reported in the present investigation. 
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5.3.3. Supported MoO3/ZSM-5   
The dehydrated surface molybdena species on ZSM-5 are fully oxidized as Mo
+6
Ox 
species as indicated by the location of the in situ XANES pre-edge energy and absence of 
d-d transitions from the in situ UV-vis spectra (see Figure 5- 24 and Figure 5- 13). The 
intermediate intensity of the XANES pre-edge feature indicates that both MoO4 and 
MoO5/MoO6 coordinated structures are present for supported MoO3/ZSM-5 catalysts (see 
Figure 5- 23). The surface MoOx sites are isolated on ZSM-5 because of the very high 
UV-vis Eg value (see Figure 5- 11) and absence of vs(Mo-O-Mo) vibrations in the 
Raman spectra (see Figure 5- 18). The Raman spectra reveal the presence of four distinct 
surface MoOx structures that with DFT calculations
53
 have been assigned to isolated (i) 
dioxo(O=)2MoO2 species anchored at adjacent Brønsted alumina sites, (ii) 
dioxo(O=)2Mo(OH)O species anchored at single Brønsted alumina sites, (iii) 
dioxo(O=)2MoO2 species anchored at adjacent silica sites on the external surfaces and (iv) 
mono-oxo O=MoO4 species anchored at external Al2O3 NPs.  
The presence of oligomeric surface MoOx species on ZSM-5 supports such as dimeric 
Mo2Ox structures have been proposed from in situ visible and UV Raman studies, 
respectively.
65,66
 The in situ EXAFS study
65
 claimed dimeric Mo2O5 species, but the 
absence of Mo-O-Mo distances in the reported EXAFS second coordination sphere do 
not support dimeric Mo2O5 structures. There has also been inconsistency in assignment of 
the in situ Raman bands for supported MoOx/ZSM-5 catalysts with the assignments made 
without supporting data. With visible Raman spectroscopy, vibrations were detected at 
970 and 1045 cm
-1
 that were assigned to dimeric and isolated surface molybdena species, 
respectively.
65
 With in situ UV Raman spectroscopy, bands were observed at 868 and 
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962 cm
-1
 that were assigned to the dimeric Mo-O-Mo stretch and isolated mono-oxo 
O=MoO4 species, respectively.
66
 The recent combined Raman and DFT studies of 
supported MoOx/ZSM-5 catalysts indicate that the vibration at ~962-970 cm
-1
 is actually 
from isolated surface dioxo (O=)2Mo(OH)O species anchored at single Brønsted alumina 
sites, the band at 1045 cm
-1
 corresponds to isolated surface mono-oxo O=MoO4 species 
anchored at external Al2O3 NPs
24
 and the band at 868 cm
-1
 is characteristic of Mo-O-
Al/Si bonds.
42,46
 The absence of dimeric and oligomeric MoOx sites on ZSM-5 and 
exclusive presence of the isolated surface MoOx sites on ZSM-5 is confirmed by the very 
high UV-vis Eg value of ~4.8 eV that only corresponds to isolated surface MoOx sites on 
ZSM-5 (see Figure 5- 11).
42,46,67
  
The supported MoOx species preferably anchor at surface Brønsted acid sites at low 
molybdena loading, but also anchor at external surface Si-OH and extra-framework Al-
OH sites at high molybdena loading (see Figure 5- 5). There is general consensus from 
multiple reported in situ IR studies
10,67,68 
that both surface Al-(OH)
+
-Si Brønsted acid and 
external Si-OH sites are the anchoring sites for surface MoOx species on H-ZSM-5. Xu 
et al.
67
 reported that MoOx species preferably anchor at surface Brønsted acid sites over 
silanol hydroxyls for 6% MoO3/ZSM-5 (Si/Al= 25) with in situ IR in which the 
dehydration was performed in vacuum. Lunsford and co-workers
10 
observed with in situ 
IR spectroscopy that MoOx species migrated from external surface Si-OH sites and extra-
framework Al-OH hydroxyls to framework Al-(OH)
+
-Si sites at elevated calcination 
temperatures for a 2% MoO3/ZSM-5 (Si/Al=25) catalyst prepared by impregnation. In 
contrast to the above observations, Iglesia et al.
65
 assumed that surface Mo2O5 dimers 
anchor at two adjacent Al-(OH)
+
-Al Brønsted acid sites, but it is based on titration of 
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Brønsted hydroxyls and no direct supporting information was provided. The probability 
of finding a high concentration of two adjacent Al framework Brønsted acid sites, 
however, is low according to Lowenstein’s rule69 and not enough of such paired sites are 
present for anchoring high loadings of MoOx on ZSM-5. Furthermore, dimeric Mo2O5
+
 
species are not supported by the present in situ UV-vis and EXAFS results as indicated 
above. 
5.3.4. Supported WO3/ZSM-5 
The dehydrated surface tungsta species on ZSM-5 are fully oxidized as W
+6
Ox species as 
indicated by the location of the in situ XANES pre-edge energy and absence of d-d 
transitions from the in situ UV-vis spectra (see Figure 5- 25 and Figure 5- 13). The 
strong intensity of the XANES pre-edge feature indicates that WO4 coordinated 
structures are the predominant structures for supported WOx/ZSM-5 (Si/Al=15, 25 and 
40) catalysts (see Figure 5- 25). The weaker of the XANES pre-edge energy features for 
supported WOx/ZSM-5 (Si/Al=140) reflects the presence of significant surface 
WO5/WO6 coordinated sites in addition to surface WO4 sites. The corresponding Raman 
spectra confirmed the presence of WO6 coordinated WO3 NPs for the silica-rich ZSM-5 
(Si/Al=140) support that contains a limited number of alumina anchoring sites (see 
Figure 5- 20). The surface WOx sites are isolated on ZSM-5 due to their very high UV-
vis Eg values (see Figure 5- 11) and unique presence of W=O with no contribution from 
a second coordination sphere in the EXAFS (see Figure 5- 25). In addition to the WO3 
NPs found for the silica rich WOx/ZSM-5 (Si/Al=140) catalyst, the Raman spectra reveal 
the presence of three distinct surface WOx structures that by analogy to supported 
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MoOx/ZSM-5 catalysts have been assigned to isolated (i) dioxo(O=)2WO2 species 
anchored at adjacent Brønsted alumina sites (~990 cm
-1
), (ii) dioxo(O=)2W(OH)O 
species anchored at single Brønsted alumina sites (~975 cm
-1
) and (iii) mono-oxo 
O=WO4 species anchored at external Al2O3 NPs (~1020 cm
-1
).  
There is almost unanimous agreement among all researchers that the dehydrated 
surface WOx species on ZMS-5 are present as isolated species. Amin et al.
15 
also 
concluded that surface WOx species on ZSM-5 are isolated from the high Eg value they 
measured with in situ UV-vis (LMCT ~ 215 nm).
 
In situ EXAFS measurements indicated 
the absence of W-O-W bonds in the second coordination shell, which precludes the 
presence of dimeric and oligomeric WOx surface species.
 
Although the dehydrated 
surface WOx species on ZSM-5 were proposed to possess dioxo (O=)2WO2 coordination, 
neither the XANES pre-edge feature and the number of terminal W=O bonds were 
reported.
16
 Furthermore, the Raman spectra reveal that multiple surface WOx sites are 
present on ZSM-5 rather than one unique structure as proposed above.   
The supported WOx species on ZSM-5 anchor at external surface Al-OH of Al2O3 NPs 
and not on external Si-OH or extra-framework Al-OH sites. It is difficult to determine 
whether the framework Al site (Al-(OH)
+
-Si) is also an anchoring site because of the 
creation of new surface W-OH or Brønsted acid W-(OH)
+
-Al sites with increasing 
tungsta loading. By analogy with supported MoO3/ZSM-5, the two dioxo surface WOx 
sites must be anchoring at surface Al-(OH)
+
-Si Brønsted acid sites. Ding et al.
16
 proposed 
that two neighboring surface Al-(OH)
+
-Si Brønsted acid sites are necessary to anchor 
dimeric W2O5
+
 species on ZSM-5 based on titration of the residual protons of ZSM-5, but 
the probability of finding a high concentration of two adjacent Al framework Brønsted 
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acid sites at high loadings of WOx on ZSM-5 is low according to Lowenstein’s rule.69 
Furthermore, as mentioned above, the characterization studies demonstrate that surface 
WOx species are present as multiple isolated structures on ZSM-5.  
5.3.5. Supported Re2O7/ZSM-5  
The surface rhenia species on ZSM-5 are fully oxidized as Re
+7
 in oxidizing 
environments as indicated by the location of the in situ XANES pre-edge energy and 
absence of d-d transitions from the in situ UV-vis spectra (see Figure 5- 26 and Figure 
5- 13). The ReO4 coordination of the surface rhenia species on ZSM-5 is confirmed by 
the pronounced in situ XANES pre-edge feature (see Figure 5- 26). The similar XANES 
pre-edge intensity for both the supported ReOx/ZSM-5 and the trioxo (O=)3Re-Si 
reference compound corresponds to the presence of trioxo coordinated surface 
(O=)3ReO-Al/Si sites on ZSM-5. The proposed pseudo-trioxo (dioxo) structures exhibit a 
weaker XANES pre-edge intensity than trioxo (O=)3ReO species.
70
 The dehydrated 
surface rhenia species on the ZSM-5 supports are exclusively present as isolated sites as 
reflected by the very high UV-vis Eg value of ~4.9 eV (see Figure 5- 11), and the 
presence of Re=O with no contribution from a second coordination sphere of the in situ 
EXAFS spectra (see Figure 5- 26). Crystalline Re2O7 NPs, as well as surface dimeric or 
oligomeric rhenia species, are not present on ZSM-5 because of the volatility of Re2O7 
and its oligomers. The volatility of the surface ReO4 species is reflected in the reduced 
Raman intensity for silica-rich supported ReOx/ZSM-5 (Si/Al=140) in which a reduced 
number of surface Al-(OH)
+
-Si Brønsted acid sites are available (see Figure 5- 9). The 
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Raman spectra also indicate that there is only one surface ReO4 structure on the ZSM-5 
support that is independent of the Si/Al ratio (see Figure 5- 21).  
In agreement with the current findings, several research groups have proposed that the 
surface ReOx species on ZSM-5 are isolated and coordinated as trioxo (O=)3ReO species 
anchored to two oxygen sites associated with framework alumina (e.g. Si-O*-Al-O*-Si) 
from in situ Raman
71
 and computational DFT calculations
72
. The in situ XANES/EXAFS 
studies
71
 proposed that surface ReOx species on ZSM-5 are present as both monomeric 
ReO4 species on one Al Brønsted acid site and dimeric Re2O6
2+
 species on two adjacent 
Al Brønsted acid sites, but direct supporting molecular structural information was not 
provided and their in situ EXAFS spectra did not observe the expected Re-O-Re distance 
in the second coordination sphere. As already indicated above, the probability of finding 
a high concentration of two adjacent Al framework Brønsted acid sites at high loadings of 
ReOx on ZSM-5 is low according to Lowenstein’s rule69 and all rhenia oligomers are also 
volatile. All studies containing direct molecular structural data clearly indicate that the 
surface ReOx species are isolated on the ZSM-5 support and possess trioxo (O=)3ReO 
coordination. 
The current findings demonstrate that supported ReOx species preferably anchor at 
surface Al-(OH)
+
-Si Brønsted acid sites at low rhenia loading and also at external Si-OH 
sites at higher rhenia loading on the ZSM-5 support. The anchoring of surface ReOx 
species at surface Al-(OH)
+
-Si Brønsted acid sites and external Si-OH sites are in 
agreement with the previous in situ IR study
71
.  
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5.4. Conclusions 
The anchoring sites, electronic and molecular structures of supported MOx species on 
ZSM-5 with varying Si/Al ratio from 15 to 140 under oxidizing conditions were 
determined with combined in situ FT-IR, UV-vis, Raman spectroscopy and X-ray 
absorption spectroscopy.  
The appearance of crystalline metal oxide (V2O5, Cr2O3, MoO3 and WO3) 
nanoparticles for supported MOx/ZSM-5 catalysts with few framework alumina sites, 
Si/Al=140, indicates the important role of framework alumina (Al-(OH)
+
-Si) sites in 
dispersing metal oxides on ZSM-5 supports. Although crystalline Re2O7 does not form on 
ZSM-5 (Si/Al=140) because of rhenia’s volatility, the reduced number of alumina 
anchoring sites is manifested as a lower number of anchored surface ReOx sites. 
Although anchoring of MOx species at framework alumina (Al-(OH)
+
-Si) sites is the 
preferred mechanism, the anchoring of surface of surface MOx species on ZSM-5, 
however, is more complex as shown by the titration of the different ZSM-5 surface 
hydroxyls upon deposition of surface MOx. The surface MOx species were found to 
anchor at both Brønsted acid sites inside the zeolite channel, external silica sites and 
traces of them also at external alumina sites. At low metal ion loadings, surface MOx 
species generally prefer to anchor at Brønsted acid sites. New Brønsted acid hydroxyls 
found on supported VOx, CrOx and WOx/ZSM-5 catalysts interfere with the analysis of 
framework Al sites of ZSM-5 support as their anchoring sites. 
The surface MOx species on ZSM-5 are present as fully oxidized and almost 
exclusively present as isolated species under oxidizing conditions. The high Eg values of 
the supported MOx/ZSM-5 catalysts, the absence of M-O-M vibration in Raman spectra 
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and the absence of M-O-M coordination from EXAFS spectra consistently supported that 
the surface MOx species are monomeric and not dimeric species. The surface vanadia 
and rhenia species are only mono-oxo O=VO3 and trioxo (O=)3ReO structure, 
respectively. Their Raman vibration positions were not perturbed by the Si/Al ratio. The 
surface chromia, molybdena and tungsta species are present as both dioxo (O=)2MO2 and 
mono-oxo O=MO4 species. The Raman vibration positions of dioxo (O=)2MoO2 and 
(O=)2WO2 species slightly shifted with increasing Si/Al ratio. This is consistently 
observed on model MOx/SiO2 and MOx/Al2O3/SiO2 catalysts reported by Lee
 
et al.
42,46
 
The Si/Al ratio affects the dispersion of surface MOx species. A high content of 
framework Al sites facilitates the dispersion of surface MOx species. The ZSM-5 
(Si/Al=140) with the lowest Al content leads to the formation of crystalline nanoparticles 
in the case of supported V2O5/ZSM-5, CrO3/ZSM-5 and WO3/ZSM-5 catalysts.  
The present study definitively provides a better understanding about the anchoring 
sites, oxidation states, oligomerization extent and molecular structures of the initial 
supported MOx species on ZSM-5 supports. These new insights about the structures of 
the surface MOx catalytic active sites in ZSM-5 supports are important for establishing 
molecular level mechanistic models for numerous catalytic reactions. 
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Chapter 6.  
Catalytic reactivity of supported MOx/ZSM-5 
(M=V, Cr, Mo, W and Re) catalysts during 
methane DHA 
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Abstract 
The reactivity of the supported MOx/ZSM-5 catalysts for methane dehydroaromatization 
was investigated with the aid of temperature-programmed operando Raman-MS 
spectroscopy. The surface metal oxide structures were successfully identified in Chapter 
5, and the catalytic role of each surface metal oxide structure present on MOx/ZSM-5 
during methane DHA is studied in this chapter. Supported CrO3/ZSM-5 and V2O5/ZSM-5 
catalysts are no selective to benzene and form only carbon monoxide and hydrogen. Only 
supported Re2O7/ZSM-5, MoO3/ZSM-5 and WO3/ZSM-5 catalysts are selective and 
active catalysts for dehydroaromatization of methane to benzene. The temperature for 
initial benzene formation decreases in the order of WO3/ZSM-5 (780-820
o
C) > 
MoO3/ZSM-5 (750~791 
o
C) >Re2O7/ZSM-5 (630-390 
o
C). The reactivity of the 
supported MOx/ZSM-5 (M=Mo, Re and W) catalyst is related to the reducibility of 
surface MOx (M=Mo, Re and W) species on the ZSM-5 support. The reducibility of 
surface metal oxide species decreases in an order of WOx (780-812 
o
C) >MoOx (748-788 
o
C) > ReOx (500-510 
o
C). The reactivity is also related to the content of Brønsted acid 
sites of ZSM-5 support. The reactivity decreases on catalysts with low contents of 
Brønsted acid sites which play a crucial role in oligomerization of C2Hx intermediates to 
C6H6. The present study provides insights about the anchoring sites and molecular 
structures of the initial supported MOx species on ZSM-5 supports, and the nature of 
catalytic active phase of the catalysts during methane DHA. 
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Introduction 
The reactivity of supported MOx/ZSM-5 (M=V, Cr, Mo, W and Re) catalysts for 
methane dehydroaromatization (DHA) have received much attention in the past. 
Lunsford et al.
1
 investigated supported MOx/ZSM-5 (M=V, Cr, Mo and W) catalysts and 
their reactivity decreased in the order of Mo > W > Cr > V. Iglesia et al.
2
 studied the 
reactivity of supported Mo, W and Re oxides on ZSM-5 catalysts and found that the 
benzene formation rate decreases in the order of Re > Mo > W>>V. In spite of the 
superior catalytic activity of supported Re2O7/ZSM-5 catalysts, the volatile nature of Re 
oxide makes it an impractical catalyst.
2
 The supported MoO3/ZSM-5 system represents 
the most promising catalysts due to its near equilibrium conversion.
1,3
  
In spite of extensive characterization studies reported in the literature about the 
supported MOx/ZSM-5 catalysts, a general consensus has not been reached on the nature 
of the catalytic active sites present for the supported MOx/ZSM-5 catalysts. Most 
characterization measurements were performed under ambient or ex situ conditions and 
only a few under in situ conditions (please see Chapter 1 for a more extensive review). 
Characterization of catalysts under ambient or ex situ conditions does not represent the 
molecular structures under in situ and reaction conditions. Thus, it is important to 
elucidate the actual catalytic active sites for methane DHA by supported MOx/ZSM-5 
catalysts with in situ or operando characterization techniques. Furthermore, most of the 
characterization studies focused on the structure of catalytic active sites of the supported 
MOx/ZSM-5 catalysts before and after methane DHA, and ignored the dynamic 
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transformation from the initial surface metal oxide species to the catalytic active sites 
during the methane DHA reaction. It is equally important to understand the activation of 
the catalyst and the catalytic role of initial surface metal oxide species since such 
information can provide new insights into designing more effective catalysts. 
The focus of this chapter is to investigate the reactivity of supported MOx/ZSM-5 for 
the methane DHA reaction via operando Raman-MS spectroscopy. This powerful 
modern approach to catalysis research allows monitoring the dynamic structural changes 
of the initial surface MOx species during methane DHA and simultaneously providing 
analysis of the gas phase composition via online mass spectrometer. This is the first 
operando spectroscopy study for methane DHA by supported MOx/ZSM-5 catalysts 
reported in the literature.  
6.1. Experimental methods 
6.1.1. CH4 operando Raman-MS Spectroscopy  
The operando Raman-MS spectroscopy and experimental procedures were described in 
Chapter 2, section 2.4.2.  
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6.2. Results 
6.2.1. CH4 operando Raman-MS spectroscopy 
The reactivity of the supported MOx/ZSM-5 catalysts for methane conversion to benzene 
was investigated with temperature-programmed operando Raman-MS spectroscopy. The 
operando Raman spectroscopy provides information about the ease of reduction or 
activation of surface MOx species on ZSM-5 and the online MS provides initial 
temperatures for benzene formation.  
The Raman spectrum of the ZSM-5 (Si/Al=15) support is presented in the 
supplementary information section as Figure 6- 1.  
 
Figure 6- 1 In situ Raman spectra (Visible-532 nm) of dehydrated parent H-ZSM-5 
containing (A) Si/Al=15, (B) Si/Al=25, (C) Si/Al=40, and (D) Si/Al=140 under oxidizing 
conditions at 450 
o
C. 
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The ZSM-5 (Si/Al=15) support exhibits the bending mode of six-membered rings at 293 
cm
-1
, the bending mode of five-membered rings at 378 cm
-1
, the bending mode of four-
membered rings 440-500 cm
-1
, symmetric stretching vibrations of T-O bonds in ZSM-5 
at ~810-820 cm
-1
 and asymmetric stretching vibrations of T-O bonds in ZSM-5 at 1080-
1250 cm
-1
.
4,5,6
 The absence of any Raman bands in the range of 900-1050 cm
-1
 from the 
ZSM-5 support indicates that Raman bands in this region when surface metal oxide 
species are present must arise from the supported surface metal oxide phase. 
Supported V2O5/ZSM-5 
The operando Raman-MS CH4-TPSR spectra for the supported 3% V2O5/ZSM-
5(Si/Al=15) catalyst are presented in Figure 6- 2.  
  
Figure 6- 2 Operando Raman-MS (442nm) spectra for 3% V2O5/ZSM-5 (Si/Al=15) during 
CH4-TPSR 
The supported V2O5/ZSM-5 catalyst is not active for benzene formation and only yields 
CO as the primary carbon reaction product at ~700
o
C. The conversion of methane must 
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be small since no significant decrease in the methane signal is observed. The 
corresponding Raman spectra also do not exhibit the characteristic bands of surface coke 
at 1300-1600 cm
-1
. The Raman band of the isolated surface mono-oxo O=VO3 species at 
1038 cm
-1
 is fairly stable in the methane stream up to ~650
o
C and gradually decreases 
above 650 
o
C, which reflects its slow reduction by methane. The operando Raman-MS 
CH4-TPSR spectroscopy experiment reveals that the initial surface O=VO3 species 
becomes reduced in the methane environment above 650
o
C and forms CO as the only 
carbon reaction product. The supported V2O5/ZSM-5 catalysts are not active for methane 
dehydroaromatization to benzene and instead pyrolyze methane to CO and H2O. 
Supported CrO3/ZSM-5 
The operando Raman-MS CH4-TPSR spectra for the supported 1% CrO3/ZSM-
5(Si/Al=15) catalyst is given in Figure 6- 3.  
  
Figure 6- 3 Operando Raman-MS (442nm) spectra for 1% CrO3/ZSM-5 (Si/Al=15) during CH4-
TPSR 
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The supported CrO3/ZSM-5 catalyst is also not active for benzene formation and only 
yields CO as the primary carbon reaction product above 670
o
C. The conversion of 
methane must be small since no significant decrease in the methane MS signal is 
observed. The corresponding Raman spectra also do not exhibit the characteristic bands 
of surface coke at 1300-1600 cm
-1
.  The Raman bands at 978 and 1010 cm
-1
 have been 
assigned to surface dioxo (O=)2CrO2 and mono-oxo O=CrO4 species, respectively.
7,8 
The 
surface CrOx species are not stable in nonoxidative environments since their Raman 
bands immediately disappear even when switching from molecular O2 to an inert gas 
such as argon. Consequently, the Raman bands of the surface CrOx species are not 
detectable during the CH4-TPSR experiment. The supported CrO3/ZSM-5 catalyst is not 
active for methane dehydroaromatization to benzene and instead pyrolyzes methane to 
CO and H2O.  
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Supported MoO3/ZSM-5 
The operando Raman-MS CH4-TPSR spectra for the supported 2% MoO3/ZSM-5 
(Si/Al=15) catalyst is shown in Figure 6- 4.  
  
Figure 6- 4 Operando Raman-MS (442 nm) spectra of 2% MoO3/ZSM-5 (Si/Al=15) during 
CH4-TPSR 
Unlike the supported V2O5/ZSM-5 and CrO3/ZSM-5 catalysts, the supported 2% 
MoO3/ZSM-5 catalyst is active for methane DHA to benzene. Production of CO spikes in 
the 770-785
o
C range indicating reduction of the surface MoOx species and coincides with 
a dip in the CH4 signal as well as the appearance of C2H4 and benzene reaction products. 
The corresponding Raman spectra contain the characteristic bands of polyaromatic coke 
in the 1300-1600 cm
-1
 range. The Raman band at 1580 cm
-1
 is the E2g carbon-carbon in-
plane stretching vibration
9,10
 and the band at 1360 cm
-1
 is associated with the defects or 
edges present in the structural units of the pre-graphite species, and has been designated 
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the D-band.
11
 The Raman spectrum in Figure 6- 4 at 550
o
C is dominated by a band at 
993 cm
-1
 from isolated surface dioxo (O=)2MoO2 species coordinated to two adjacent Al-
Al sites and a weaker shoulder band at 1027 cm
-1
 from surface isolated surface mono-oxo 
O=MoO4 species located at extra-framework Al sites. As the reaction temperature is 
increased, the band for the surface dioxo (O=)2MoO2 species decreases and the band for 
mono-oxo O=MoO4 species does not change in intensity during temperature-programmed 
CH4 reaction. Therefore, the surface dioxo (O=)2MoO2 species is more reactive than 
mono-oxo O=MoO4 species during the reduction by methane.  
Supported WO3/ZSM-5 
The operando Raman-MS spectra for the supported 1% WO3/ZSM-5(Si/Al=15) catalyst 
are shown in Figure 6- 5. 
  
Figure 6- 5 Operando Raman-MS (442nm) spectra of 1% WO3/ZSM-5 (Si/Al=15) during 
CH4-TPSR 
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The supported WO3/ZSM-5 catalyst possesses a low activity for methane DHA to 
benzene above 776 
o
C. The consumption of CH4 and evolution of CO are modest over the 
temperature range 670-770
o
C, without any spikes in reactivity, with formation of CO 
reflecting partial reduction of the surface WOx species. Interestingly, the formation of 
benzene initiates only after CO production ceases at 760
o
C. Small amounts of coke are 
also present on the catalyst as reflected in their characteristic Raman bands in the 1300-
1600 cm
-1
 region.  The intensity of the band at 1365 cm
-1
 is significantly weaker than that 
of the band at 1598 cm
-1
 suggesting that the coke is composed of pre-graphitic species 
with a small concentration of defects or edges.
11
 The corresponding Raman spectra 
possess bands at 1024 and 1060 cm
-1
 from isolated surface mono-oxo O=WO4 species 
and Al2(WO4)3 nanoparticles, respectively
12
. The Al2(WO4)3 nanoparticles are not present 
in the initial catalyst and most likely are formed by reaction between the surface WOx 
and alumina during dealumination of the catalysts at high temperatures during the CH4 
DHA reaction. The intensity of the Raman band from the surface mono-oxo O=WO4 
species gradually diminishes with temperature because of its transformation to Al2(WO4)3 
and its reduction by methane. Above 700
o
C, sample fluorescence masks the Raman bands 
for the surface mono-oxo O=WO4 species, Al2(WO4)3 nanoparticles and ZSM-5 support.  
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Supported Re2O7/ZSM-5 
The operando Raman-MS spectra of supported Re2O7/ZSM-5 are given in Figure 6- 6.  
  
Figure 6- 6 Operando Raman-MS (442 nm) spectra of 1% Re2O7/ZSM-5 (Si/Al=15) during 
CH4-TPSR 
The supported Re2O7/ZSM-5 catalyst is also active for CH4 DHA to benzene as well as 
C2H4 above 664
o
C. The Raman bands at 1350 and 1562 cm
-1
, characteristic of D and G-
band of pre-graphitic species, grow with reaction temperature and also indicate the 
formation of aromatic intermediates. The corresponding Raman band at 1013 cm
-1
 arises 
from the isolated surface trioxo (O=)3ReO species and quickly disappears in flowing 
methane between 500-550 
o
C due to its partial reduction at relatively milder temperatures. 
The Raman spectra above 550 
o
C were obscured by sample fluorescence and are not 
shown for brevity.  
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Influence of specific metal oxide and Si/Al ratio of ZSM-5 support 
The performance of the supported MOx/ZSM-5 catalysts (M=Re, Mo and W) were 
examined for the reduction temperature of the surface MOx species and the initial 
benzene formation temperatures, and are summarized as a function of Si/Al ratio in  .  
Table 6- 1 Reactivity of supported MOx/ZSM-5 (M=Re, Mo and W) for methane DHA to 
benzene during operando Raman-MS CH4-TPSR spectroscopy 
Si/Al ratio 
ReOx MoOx WOx 
Tred(
o
C)
a
 TC6H6(
o
C)
b
 Tred(
o
C)
a
 TC6H6(
o
C)
b
 Tred(
o
C)
a
 TC6H6(
o
C)
b
 
15 ~500 664 740 781 745
c
  780 
25 ~510
c
 630 740 750 760
c 
804 
40 ~510
c
 660 760 778 812
 
820 
140 ~510
c
 690 788
c 
791 n/a
d 
n/a
d
 
a 
Temperature at which surface MOx species were completely reduced 
b
 Temperature for initial benzene formation determined from operando Raman-MS CH4-TPSR 
spectroscopy 
c
 The Raman signal of the surface MOx species was masked by sample fluorescence that 
prevented monitoring at higher temperatures, so the complete reduction temperature of surface 
WOx is estimated by the formation of CO in MS spectra 
d 
The supported 3% WO3/ZSM-5 (Si/Al=140) is not active for benzene and no CO is observed 
in methane flow from 500 to 900 
o
C 
 
Although the reduction temperature trend of the supported MOx/ZSM-5 catalysts is 
WOx > MoOx > ReOx, there is minimal influence of the Si/Al ratio of the ZSM-5 
support on the reduction temperature of each surface MOx species. The temperatures for 
initial benzene formation follow the same trend with WOx > MoOx > ReOx and 
modestly increase with Si/Al ratio, which implies that the number of surface Brønsted 
acid sites is an important factor in benzene formation. Furthermore, the activation of the 
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surface MOx sites on ZSM-5 for benzene formation initially requires reduction of the 
surface MOx sites. The most important parameters in controlling the performance of the 
supported MOx/ZSM-5 catalysts for benzene formation during methane DHA are the 
nature of the element of the catalytic active site (Re, Mo or W) and the number of surface 
Brønsted acid sites (Si/Al ratio of ZSM-5 support). 
6.3. Discussion 
6.3.1. Nature of Supported MOx species during methane DHA 
The operando Raman-MS CH4-TPSR results demonstrated that surface MOx species 
change structure during methane DHA at elevated temperatures. The initial surface VOx 
and CrOx species are reduced but no carbide is formed since the color of spent catalyst 
remains light and white. Initial surface dioxo MoO4 species were converted to mono-oxo 
MoO5 species at elevated temperatures during methane DHA and eventually converted to 
poorly ordered MoOxCy nanoparticles at 700 
o
C. The structure of surface MoOx species 
are dynamically altered which makes the reactivity-structure correlation impossible as 
evident from the operando Raman-MS results.  Surface WOx species are gradually 
reduced to possible tungsten oxycarbide or carbide species as identified in the literature
13
; 
in the meanwhile, the formation of Al2(WO4)3 species with a characteristic Raman band 
at 1064 cm
-1
 is observed at elevated temperatures during methane DHA. The WO3/ZSM-
5 (Si/Al=140) catalyst with crystalline WO3 species is not reactive towards methane 
DHA, which suggests that only dispersed W species are capable of catalytic conversion 
of methane to benzene. The initial ReOx species are quickly reduced to Raman-inactive 
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species at low reaction temperatures. The reduced Re species is likely to be metallic Re 
species as reported by an in situ XAS study
14
. 
6.3.2. Nature of activated catalytic active sites during methane DHA 
Supported V2O5/ZSM-5 catalyst 
The supported V2O5/ZSM-5 is not active for methane DHA. The initial surface VOx 
species are gradually reduced in temperature-programmed methane DHA reaction, but 
this catalyst is not active for the conversion of methane to benzene and forms CO and H2 
only. The surface vanadia redox center (V
5+V4+/3+) are not able to activate methane 
molecule to form any higher hydrocarbon. The reactivity of the current study is consistent 
with the report.
1
 No in situ study has been reported for the catalytic active sites of 
V2O5/ZSM-5 for methane DHA probably due to its poor catalytic performance for this 
reaction. Only ex situ XPS studies
15
 were reported and surface reduced V
3+
Ox species 
were proposed as the active sites for methane DHA. The low reactivity of supported 
V2O5/ZSM-5 is probably due to the failure to form metal carbide or metal species during 
the catalyst activation step, which were reported as the catalytic active sites for supported 
Mo, W and Re oxides on ZSM-5, respectively. 
Supported CrO3/ZSM-5 catalyst 
The supported CrO3/ZSM-5 is not active for methane DHA. The initial surface Cr
6+
Ox 
species is not stable and reduced to Cr
3+
 oxide species during methane DHA reaction; 
however, the chromia redox center (Cr
6+
 Cr3+) is not able to activate the methane to 
form any higher hydrocarbon. The reactivity result on supported CrO3/ZSM-5 is 
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consistent with results in the literature
15
. No in situ XAS study has investigated the 
catalytic active sites of supported CrO3/ZSM-5 for methane DHA probably due to its 
poor catalytic performance. Only an ex situ XPS study
15
 reported that Cr
3+
 oxide species 
is present after methane DHA treatment. Similar to the supported V2O5/ZSM-5 catalyst, 
the low reactivity of supported CrO3/ZSM-5 can be attributed to the failure to form metal 
carbide or metal species which were the catalytic active sites for supported Mo, W and 
Re oxide on ZSM-5, respectively. 
Supported MoO3/ZSM-5 catalyst 
The operando Raman-MS spectra observed that initial surface MoOx species are not 
responsible for the activity of methane DHA. The in situ XANES/EXAFS measurements 
have shown that the activated catalytic active Mo sites of the supported MoO3/ZSM-5 
catalysts for methane DHA are present as poorly ordered MoOxCy nanoparticles. It is 
estimated that the activated MoOxCy species has three neighboring Mo atom present in 
the second coordination during methane DHA which implies that the active sites are 
Mo4OxCy nanoparticles. Similar results were found by Iglesia et al.
16
 and poorly ordered 
MoOxCy species within zeolite channel were proposed. The present findings, 
consistently reveal that the activated supported Mo on ZSM-5 is present as dispersed 
MoOxCy species.
16
 In subsequent work, Iglesia et al.
17
 reported the active sites present as 
larger MoCy nanoclusters in an order of 6-10 Å. High Resolution Transmission Electron 
Microscopy (HR-TEM) images of much larger Mo2C particles on the external zeolite 
surface of a spent MoO3/ZSM-5 catalysts, ~50nm, have been reported in the literature
18
. 
These larger Mo2C particles most probably arose from the presence of crystalline MoO3 
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particles in the initial calcined catalysts since as shown in the present study crystalline 
MoO3 is readily converted to crystalline Mo2C under CH4 DHA reaction conditions as 
demonstrated in Chapter 4. 
Supported WO3/ZSM-5 catalyst 
The operando CH4 Raman-MS spectra observed that the surface WOx species are 
resistant to reduction and a very low yield to benzene. The initial surface WOx species 
are not the catalytic active sites. The proposed catalytic active site of supported 
WO3/ZSM-5 during methane DHA was tungsten carbide (WCy) nanoclusters in an order 
of 5.5-5.7 Å located inside the zeolite channel
13
. The relatively large domain size of the 
proposed tungsten carbide could be a result of the presence of crystalline WO3 introduced 
by sublimation of WO3 and HZSM-5 from the solid-state reaction synthesis procedure. 
Furthermore, the proposed structure is not measured at the initiation of benzene; therefore, 
it cannot exclude the possibility of tungsten oxycarbide species as the active phase 
similar to the MoO3/ZSM-5 catalyst system. It is reasonable to believe that tungsten 
oxycarbide is present at the initiation of benzene since surface WOx species are more 
difficult to be reduced than surface MoOx species as revealed in Figure 6- 5. Finally, 
they also failed to report the formation of Al2(WO4)3 species as observed in current 
findings
13
.  
Supported Re2O7/ZSM-5 catalyst 
The operando CH4 Raman-MS spectra observed the surface ReOx species lead to a lower 
activation temperature of methane and formation temperature of benzene. The fully initial 
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oxidized trioxo (O=)3ReO species is not the catalytic active site, and the catalytic active 
Re phase is Raman inactive. It was proposed that the catalytic active site of supported 
Re2O7/ZSM-5 during methane DHA as metallic Re nanocluster in an order of 8.2 Å at 
external zeolite surfaces.
14,19
 The formation of metallic Re nanocluster can be achieved at 
a lower temperature of 667 
o
C than MoO3/ZSM-5 and WO3/ZSM-5 catalysts
14,19
. The 
reported in situ EXAFS/XANES spectroscopy
14
 observed the reduction of isolated 
(O=)3ReO species to metallic Re nanoclusters with the absence of any Re-O or Re-C 
coordination. The reactivity of supported Re2O7/ZSM-5 catalyst decreases with 
increasing domain size of metallic Re nanocluster for propane dehydroaromatization
14,19
.  
6.3.3. Dependence of reactivity and selectivity on specific metal  
The supported V2O5/ZSM-5 and CrO3/ZSM-5 catalysts are not active for methane DHA 
and forms pyrolysis products such as CO and H2O only. Supported MoO3/ZSM-5, 
WO3/ZSM-5 and Re2O7/ZSM-5 catalysts are catalytically active and selective towards 
the conversion of methane to benzene. The reactivity of these catalysts decreases in an 
order of Re > Mo > W >> V≈ Cr. The reactivity trend of supported MOx/ZSM-5 (M=V, 
Cr, Mo, Re and W) catalysts for CH4 DHA obtained from the current operando Raman-
MS study is consistent with the trend of reactivity reported by Lunsford et al.
1
 and Iglesia 
et al.
2,13,19
 The low reactivity of supported V2O5/ZSM-5 and CrO3/ZSM-5 might be due 
to the failure to form metal carbide of metallic species by reacting with methane, which 
are observed as the catalytic active sites for supported MoO3/ZSM-5,
2
 WO3/ZSM-5
19
 and 
Re2O7/ZSM-5
13
 catalysts.  Despite the high reactivity of the supported Re2O7/ZSM-5 
catalyst, the ReOx phase is volatile
13
 and its high cost makes it an impractical catalyst. 
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Supported WO3/ZSM-5 catalysts are selective for benzene formation but the conversion 
temperature is extremely high and causes severe coke deposition and destruction of the 
zeolite framework. Supported MoO3/ZSM-5 catalysts appear to be the best catalyst for 
methane DHA because of their high selectivity towards benzene and near equilibrium 
conversion. However, the catalyst also suffers from coke deactivation.  
The ease of reduction of surface MOx species follows the same order as the initial 
temperature for benzene formation. The reduction temperature for surface MOx species 
decreases in the order of WO3/ZSM-5 (780-820
o
C) > MoO3/ZSM-5 (781~791 
o
C) >Re2O7/ZSM-5 (630-390 
o
C). The reduction of MOx species does not immediately 
lead to the formation benzene implies the necessity of formation of a reduced phase. 
These observations suggest that the fully oxidized MOx species are transformed to 
reduced phases which are the active catalyst for benzene formation. In Chapter 3, poorly 
ordered molybdenum oxycarbide (MoOxCy) was identified as the active phase. In recent 
in situ EXAFS/XANES studies, tungsten carbide (WCy) small clusters
13
 and metallic Re 
small clusters
14
 are proposed as the active phases for supported WO3/ZSM-5 and 
Re2O7/ZSM-5 catalyst, respectively.  
6.3.4. Nature of coke deposits on different catalysts  
Combined with the operando Raman vibrations of the coke species, the hydrogen-
deficient coke species with defects or edges are identified on supported MOx/ZSM-
5(M=Mo, W and Re) catalysts. No coke species is observed on nonreactive V2O5/ZSM-5 
and CrO3/ZSM-5 catalysts suggested dehydrogenation is not occurring on these catalysts, 
and only pyrolysis products such as carbon monoxide and water were formed. The 
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Raman vibrations in the range of 1300-1400 cm
-1
 and 1500-1600 cm
-1
 are characteristic 
of D band and G band of polyaromatic species, respectively. The polyaromatic species 
generally have ring vibrations near or below 1600 cm
-1
.
9, 10
 In general, the broad Raman 
bands of the coke species suggested that they consist of a mixture of heavy hydrocarbons 
such as polyaromatics and pre-graphitic species.  
The formation temperature of coke species is related to the specific metal species. For 
supported MoO3/ZSM-5, the Raman bands of coke species at 1362 and 1594 cm
-1
 grew 
in intensity but diminished at 670-690 
o
C, and reappeared at 740 
o
C and shifted to lower 
wavenumber at 1335 and 1550 cm
-1
 with increasing reaction temperature. These 
observations suggested chemical changes in the coke species. The Raman band at 1594 
cm
-1
 is indicative of conjugated olefinic species which were dehydrogenated. The 
disappearance of these species at 670-690 
o
C suggested that they reacted as intermediate 
species for methane DHA. Reappearance of Raman bands at 1335 and 1550 cm
-1
 are 
characteristic of polyaromatic species which were produced during aromatization steps. 
For supported WO3/ZSM-5, the Raman bands of coke species at 1374 and 1602 cm
-1
 
formed at 580-630 
o
C and shifted to lower wavenumbers to 1365 and 1598 cm
-1
, which 
suggested the conjugated olefinic species experience further dehydrogenation and formed 
aromatic species at high reaction temperature. The relatively low intensity of the coke 
species suggested small amount of coke formed on WO3/ZSM-5 catalysts. The low yield 
of benzene and the small amount of coke deposits consistently suggested that supported 
WO3/ZSM-5 catalyst is not very reactive for methane activation. For supported 
Re2O7/ZSM-5, the Raman bands at 1350 and 1562 cm
-1
 were observed at very low 
temperature and grew in intensity with no shift at higher temperatures which implied that 
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the same type of coke species accumulated on the catalysts. The accumulation of heavy 
cokes and the benzene initiation on Re2O7/ZSM-5 catalysts occurred at lower 
temperatures than MoO3/ZSM-5 and WO3/ZSM-5. This implies that the 
dehydroaromatization of methane on Re2O7/ZSM-5 has lower activation energy than 
those on supported MoO3/ZSM-5 and WO3/ZSM-5 catalysts. The lower activation energy 
of Re2O7/ZSM-5 catalyst implies that metallic Re species is more reactive active phase 
than metal carbide/oxycarbide (metal refers to Mo and W). 
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6.4. Conclusions 
The reactivity of supported MOx/ZSM-5 during methane dehydroaromatization (DHA) 
reaction was investigated via operando Raman-MS spectroscopy. The supported 
V2O5/ZSM-5 and CrO3/ZSM-5 catalysts are not selective to benzene and only pyrolysis 
products such as carbon monoxide and water are formed. The poor catalytic activity 
might be associated to their failure to form metal carbide or metallic species which are 
identified as catalytic active sites for MOx/ZSM-5(M=Mo, W and Re) catalyst systems. 
Only supported Re2O7/ZSM-5, MoO3/ZSM-5 and WO3/ZSM-5 catalysts are selective and 
active catalysts for dehydroaromatization of methane to benzene. The temperature for 
initial benzene formation decreases in the order of WO3/ZSM-5 (780-820
o
C) > 
MoO3/ZSM-5 (750~791 
o
C) > Re2O7/ZSM-5 (630-390 
o
C). The reactivity of the 
supported MOx/ZSM-5 (M=Mo, Re and W) catalyst correlates to the reducibility of 
surface MOx (M=Mo, Re and W) species on the ZSM-5 support which decreases in an 
order of WOx (780-812 
o
C) >MoOx (748-788 
o
C) > ReOx (500-510 
o
C). Active sites 
were identified as metallic Re nanoclusters for Re2O7/ZSM-5, dispersed metal carbide 
carbide/oxycarbide for MoO3/ZSM-5 and WO3/ZSM-5, respectively. The metallic Re is 
more reactive than metal carbide/oxycarbide; however, the volatile nature of Re oxide 
makes it impractical as commercial catalyst. Benzene formation on the supported 
WO3/ZSM-5 catalysts requires extremely high temperature which will cause destruction 
of zeolite framework. Supported MoO3/ZSM-5 remains the most promising catalyst for 
methane DHA; however, it also suffers from coke deactivation. The reactivity is also 
related to the content of Brønsted acid site of ZSM-5 support. The reactivity decreases on 
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catalysts with low content of Brønsted acid site which plays a crucial role in 
oligomerization of C2Hx intermediates to C6H6. Coke formation follows the same trend as 
the reactivity of supported metal oxide catalysts (Re > Mo > W). Two different types of 
coke species are identified. Conjugated olefinic species (Raman vibration close to 1600 
cm
-1
) formed in the temperature range of 500-630 
o
C on MoO3/ZSM-5 could be 
important intermediates for the production of benzene. Polyaromatic species with defects 
or edge (Raman vibration below 1600 cm
-1
) are responsible for blocking the active sites 
which eventually deactivates catalyst. 
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Lwin, Y. Tang, M. Zhu, A. Chakrabarti, M. Ford, D. Gregory, Z. Yang, and R. Hu, 
to be submitted. 
Professional Affiliations 
 American Chemistry Society, member 2009-present 
 Catalysis Society of Metropolitan New York, 2011-present 
 Catalysis Club of Philadelphia, 2011-present 
 
 
 
 
 
